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PREFACE. 


This  book  is  divided  into  tbree  parts:  the  first  treats  of  the 
Geometiy  of  Machineiy;  tbe  second  of  the  Dynamics  of  Ma- 
cbineiy;  and  the  third  of  tbe  Materials,  Strength^  and  Con- 
straction  of  Machinery. 

Under  the  head  of  the  Geometiy  of  Machinery,  machines  are 
considered  with  reference  to  the  comparative  motions  only  of 
their  moving  parts;  and  rules  are  given  for  designing  and  arrang- 
ing those  parts  so  as  to  produce  any  given  comparative  motion. 

Conmdering  that  the  object  of  such  rules  is  to  adjust  the  dimen- 
sions of  the  parts  of  machines  by  processes  of  practical  geometiy, 
I  have  thought  it  advisable  to  solve  every  question  by  drawing, 
rather  than  by  calculation,  except  in  a  few  special  cases  where 
calculation  is  indispensable. 

Many  of  the  graphic  rules  thus  obtained  are  made  more  easy 
and  accurate,  and  some,  indeed,  are  made  possible  which  were  not 
so  before,  by  the  aid  of  new  methods  of  measuring  and  laying  off 
the  lengths  of  curved  lines. 

yTwo  chapters  of  tbe  first  part  are  devoted  to  the  detailed  con- 
sideration of  the  movements  of  single  pieces  in  machines.  The 
remainder  of  the  part  relates  to  Pure  Mechanism,  as  defined  and 
reduced  to  a  system  by  Professor  Willi&  The  order  in  which 
the  various  combinations  in  mechanism  are  treated  of  is  different 
from  that  adopted  by  him ;  but  tbe  principles  are  the  same. 

Several  problems  in  mechanism  are  solved  by  methods  which, 
80  far  as  I  know,  have  not  hitherto  been  published;  and  which 
poesesB  advantages  in  point  of  ease  or  of  accuracy.  I  may  specify, 
in  particular,  the  drawing  of  rolling  curves,  and  of  some  kinds  of 
cams;  the  oonstmction  of  the  figures  of  teeth  of  skew-bevel  wheels, 
and  of  threads  of  gearing  screws,  by  the  help  of  the  normal  section ; 
and  some  improvements  in  the  details  of  processes  for  designing 
intermittent  gear,  link-motions,  and  parallel  motions. 

Under  the  head  of  the  Dynamics  of  Machinery  are  oonmdered 
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the  forces  exei*ted  and  tbe  work  done  in  machines;  the  means  of 
measuring  those  quantities  by  indicators  and  dynamometers,  of 
determining  and  balancing  the  reactions  of  moving  masses  in 
machines,  and  of  regulating  work  and  speed;  and  the  efficiency,  or 
proportion  in  which  the  useful  work  is  less  than  the  total  work,  in 
the  different  sorts  of  moving  pieces,  and  in  their  various  oombina- 
tiona 

Considering  that  a  convenient  single  word  is  wanted  to  denote 
the  propoHion  in  which  the  total  work  in  a  machine  is  greater 
than  the  useful  work,  I  have  ventured  to  propose  the  word  Counter- 
KFFiciENCT  for  that  purpose. 

Under  the  head  of  the  Materials,  Strength,  and  Construction  of 
Machinery  are  considered,  ^«^,  the  properties  of  various  materials, 
as  affecting  their  treatment  and  use  in  the  construction  of  machines; 
eeeondly,  the  general  principles  of  the  strength  of  materials;  thirdly , 
the  special  application  of  those  principles  to  questions  relating  to 
the  strength  and  the  construction  of  various  parts  of  machines; 
And  fourthly,  the  principles  of  the  action  of  cutting  tools. 

Great  care  has  been  taken  to  ascertain  the  values  of  the  fiictor 
of  safety  and  of  the  working  stress  in  successful  examples  of  actual 
machinery;  and  some  of  the  problems  respecting  the  strength  of 
special  parts  of  machines  have  not  been  published  previously  except 
in  scienti6c  journals  and  in  lectures. 

Authorities  for  fiicts  and  information  are  cited  where  it  is 
necessary  to  do  so.  The  following  works  are  so  frequently  referred 
to,  that  it  may  be  desirable  to  mention  them  here  specially : — 

Willis  On  Mechanism^  first  edition,  1841 ;  second  edition,  1870. 

Faibbairm  On  Millwark. 

HoLTZAPFFEL  On  Mechanical  Maniputaiion. 

BucHAMAK  On  MiUwork;  edited  by  Tredoold  and  G.  Rennie, 

with  an  Eway  an  Toolt  by  Nasmvth. 

W.  J.  M.  R 


The  Fi/ih  Edition  has  been  revised,  and  additional  matter 
relating  to  recent  improvements  added  to  Appendix. 

W.  J.  M. 

Olasoow,  May,  188S, 
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A  MANUAL  OF  MACHINERY  AND  MILLWOM. 


INTRODUCTION 


1.  Itaanw  «■«  Vm  •f  SiachlMrF  la  CIibumL— The  lue  of 
machmery  ib  to  transmit  and  modify  motion  and  forca  The  parts  of 
which  it  consists  may  be  distingnished  into  two  principal  diyisions, — 
the  Medianum,  or  moving  parts;  and  the  Frame^  being  the  structure 
which  supports  the  pieces  of  the  mechamsm,  and  to  a  certain  extent 
determines  the  nature  of  their  motions.  In  the  action  of  a  machine 
the  following  three  things  take  place : — Firsts  Some  natural  source 
of  energy  communicates  motion  and  force  to  a  part  of  the  mechan- 
ism called  the  Prime  Mover;  Secondly,  The  motion  and  force  are 
transmitted  from  the  prime  mover  through  the  train  of  mechanism 
to  the  worlinj  piece;  and  during  that  transmission  the  motion  and 
force  are  modified  in  amount  and  in  direction,  so  as  to  be  rendered 
suitable  for  the  purpose  to  which  they  are  to  be  applied;  and, 
Hdrdly,  The  working  piece,  by  means  of  its  motion,  or  of  its  motion 
and  force  combined,  acoompUdies  some  useful  purpose. 

2.  :PillBHl«  WtwccB  tiM  Gc#ietty  mmA  th«  I^ywmics  •€  Ha- 

efciaiif  The  modification  of  motion  in  machinery  depends  on  the 
figures  and  arrangement  of  the  moving  pieces,  and  the  way  in 
which  they  are  connected  with  the  frame  and  with  each  other;  and 
almost  all  questions  respecting  it  can  be  solved  by  the  application 
of  geometrical  principles  alone.  The  modification  offeree  depends 
on  the  modification  of  motion ;  and  those  two  phenomena  always 
take  place  together;  but  in  solving  questions  relating  to  the  mooi- 
fication  of  force,  the  principles  of  dynamics  have  to  be  applied  in 
addition  to  those  of  geometry.  Hence,  in  treating  of  the  art  of 
designing  machinery,  arises  a  division  into  two  departments, — the 
^^GeomiBiry  i^  Maxhineryl^  or  "Science  of  Pure  Me^niem"  (to  use 
a  term  introduced  by  Professor  Willis),  which  shows  how  the  figure, 
arrangement,  and  mode  of  connection  of  the  pieces  of  a  machine 
are  to  be  adapted  to  the  modification  of  motion  which  they  are  to 
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produce;  and  the  **Dynamics  of  Machinery"  which  shows  what 
modifications  of  force  accompany  given  modifications  of  motion, 
and  what  modifications  of  motion  are  required  in  order  to  produce 
given  modifications  of  forca 

3.  streBcOi  •f  HacUacrf*— In  order  that  a  machine  maj  be  fit 
for  use,  every  part,  both  of  the  machinery  and  of  the  framework, 
must  be  capable  of  bearing  the  utmost  straining  action  which  can 
be  exerted  upon  it  during  the  working  of  the  machine,  without  any 
risk  of  being  broken  or  overstrained;  and  the  dimensions  requii-ed 
for  that  purpose  are  to  be  determined  by  the  proper  application  of 
the  principles  of  the  strength  of  matenala 

4.  The  Art  m€  th«  €«aainictt«H  •f  ]iE«chiBciT  cousists  of  three  de- 
partments,— the  selecting  and  obtaining  of  suitable  materials  for  the 
parts  of  the  mechanism  and  framework ;  the  shaping  of  those  parts 
to  the  proix^r  figures  and  dimensions  by  means  of  suitable  toob; 
and  the  titting-up  of  the  machine,  by  putting  its  parts  together. 

6.  DiTirivH  •f  the  •■i^cct.^For  the  reasons  explained  in  the 
preceding  Articles,  the  subjects  of  this  work  are  treated  of  under 
four  principal  heads, — Geometry  of  Machinery,  or  Pure  Mechanism ; 
Dynamics  of  Machinery;  Materials,  Construction,  and  Strength  of 
Machinery. 


PART  L 


GEOMETBT  OF  MACHINEBY. 


CHAPTER  L 


ELEMERTABT  &I7LE8  IH  DXSCBIFnTE  GEOMETAT. 

8Ecnoii  I. — General  ExplancUioiM — Projection  of  Foinia  and  Lines. 


6.  Pcawfiptiy  cic^MicttT  is  the  art  of  representiDg  solid  figures 
upon  a  plane  surface.  In  the  present  chapter  are  given  some 
general  elementary  rules  in  that  art,  whose  application  is  of 
Teiy  frequent  occurrence  in  designing  mechanism.  The  more 
special  and  complex  rules  will  be  given  in  the  ensuing  chapters,  in 
treating  of  the  particular  kinds  of  mechanism  to  which  those  rules 
belong.* 

7.  By  the  Pv^iacUMi  •f  m  P«lBt  upon  a  given  plane  is  meant 
the  foot  of  a  perpendicular  _ 
let  fall  from  the  point  on  "^ 
the  plane.     For  example^ 
in  fig.  ly  X  Z  Z  X  repre- 
sents a   plane  (called  a 
plane  of  projection),  A  a 
]xnnt,  and  A  B  a  peipen- 
dicalar  let  fiill  from  the 
point  on  the  plane;  the 
fuot,  B^  of  that  perpen- 
dicular is  the  projection 
of  the  point  A  om  the 
plane  XZZX. 

&  The  FmMm  •£  m 
r^tet  is  completely  deter- 
mined when  its  projections  upon  two  planes  not  parallel  to  each 
other  are  known.  In  descriptive  geometry  a  pair  of  planes  of 
projection  at  right  ansles  to  each  other  are  used;  and  in  general 
one  of  these  is  vertical  and  the  other  horizontal.    Thus»  in  fig.  1, 
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*  Wor  oompleto  information  on  the  sabject  of  dcseripftiTe  gi 
[ioe  mKj  be  made  to  the  work*  of  Monge  and  Hachefefee  in  French,  and  ol 
Dr.  Woolky  in  Enf^ish. 
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X  Z  Z  X  is  the  vertical  plane  of  projection,  and  X  Y  T  X  the 
horizontal  plane  of  projection;  B  is  the  vertical  projection,  and  C 
the  horizontal  projection  of  the  point  A ;  and  those  two  projections 
completely  determine  the  position  of  the  point  A;  for  no  other 
point  can  have  the  same  pair  of  projections. 

9.  The  Axis  m€  PNtiectimi  is  the  line  X  X,  in  which  the  two 
planes  of  projection  cut  each  other. 

10.  B«»«f  <■!,— When  the  two  projections  of  an  object  are 
shown  in  one  drawing,  it  is  convenient  to  represent  to  the  mind 
that  the  following  process  has  been  performed : — Suppose  that  the 
vertical  plane  of  projection  is  hinged  to  the  horizontal  plane  at  the 
axis  X  X,  and  that  after  the  projection  of  the  object  on  the  vertical 

Slane  has  been  made,  that  plane  is  turned  about  that  axis  until  it 
ies  flat  in  the  position  X«2;X,  soastobe  continuous  with  the 
horizontal  plane :  thus  bringing  down  the  projection  B  to  6.  This 
process  is  called  the  rahaimerU  of  the  vertical  plane  upon  the 
horizontal  plane  ^  use  a  term  borrowed  from  the  French 
"rabaUemerU"  by  Dr.  WooUey).  The  two  points  C  and  6  are  in 
one  straight  line  perpendicular  to  X  X.  The  process  of  ntbatment 
may  be  conceived  also  to  be  performed  upon  a  plane  in  any  position 
when  a  figure  contained  in  that  plane  is  shown  in  its  true  dimen- 
sions on  one  of  the  planes  of  projection. 

11.  PritiectlMH  m€  i«ibm.— The  projection  of  a  line  is  a  line  con- 
taining the  projections  of  all  the  points  of  the  projected  line.  The 
projection  of  a  straight  line  perpendicular  to  the  plane  of  projection 
is  a  point;  for  example,  the  projection  on  the  vertical  plane, 
HZ  Z'X.  (fig.  1),  of  the  straight  line  A  B,  perpendicular  to  that 
plane,  is  the  point  R  The  projection  of  a  straight  line  in  any 
other  position  relatively  to  the  plane  of  projection  is  a  straight 
line.  If  the  pojected  line  is  parallel  to  the  plane  of  projection, 
its  projection  is  parallel  and  equal  to  the  projected  line  itseUT;  thus 
the  projection  on  the  horizontal  plane,  X  x  Y  X,  of  the  horizontal 
straight  line  A  B,  is  the  parallel  and  equal  line  CD.  If  the  pro- 
jected line  is  oblique  to  the  plane  of  projection,  the  projection 
is  shorter  than  the  original  lina 

The  projections,  on  the  same  plane,  of  parallel  and  equal  straight 
lines  are  parallel  and  equal  The  projections,  on  the  same  plane, 
of  parallel  lines  bearing  given  proportions  to  each  other  are 
parallel  lines  bearing  the  same  proportions  to  each  other.  When 
the  plane  of  a  plane  curved  line  is  perpendicular  to  a  plane  of 
projection,  the  projection  of  the  curve  on  this  plane  is  a  straight 
line,  being  the  intersection  of  the  plane  of  the  curve  with  the  plane 
of  projection.  When  the  plane  of  the  projected  curve  is  parallel 
to  a  plane  of  projection,  the  projection  of  the  curve  on  this  plane 
is  similar  and  equal  to  the  original  curve.  In  all  other  cases,  it 
follows  from  the  preservation  of  the  proportions  of  a  set  of  parallel 
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ordinates  amongst  their  projections,  that  the  projections  of  a  plane 
cnrre  of  a  given  algebraical  order  are  curves  of  the  same  algebraical 
order.  The  projections  of  a  circle  are  ellipses;  the  projections  of  a 
parabola  of  a  given  order  arc  parabolas  of  the  same  order.  The 
projections  of  a  straight  tangent  to  a  plane  curve  are  straight 
tangents  to  the  projections  of  that  cnrva  The  projections  of  a 
point  of  contnuy  flexure  in  a  plane  curve  are  points  of  contrary 
flexure  in  its  projections. 

12.  ita«wia«i  •€»  HachiBc— A  third  plane  of  projection,  per- 
pendicular to  the  first  two,  is  often  employed,  not  as  being 
mathematically  necessary,  but  as  being  more  convenient  for  the 
representation  of  certain:  linea  Thus,  for  example,  the  drawings 
of  a  machine  usually  consist  of  three  ])rojections  on  three  planes  at 
right  angles  to  each  otiier;  one  horizontal  (the  plan),  and  the  other 
two  veitical  {the  devotions).  Any  two  of  those  projections  are 
mathematically  sufficient  to  show  the  whole  dimensions  and  figure 
of  tbe  machine;  and  from  any  two  the  third  can  be  constructed; 
but  it  is  convenient^  for  purposes  of  measurement,  calculation,  and 
construction,  to  have  the  whole  three  projectiona 

In  the  application  of  the  rules  about  to  be  stated  in  the  sequel 
of  this  Section,  the  two  planes  of  projection  may  be  held  to  repre- 
sent any  two  of  the  three  views  of  a  machine;  and  the  axis  of 
projection  will  then  have  the  directions  stated  in  the  following 
Uble : — 

VievB  B«pre88Dtod  hj  tfaa  Flanei  of  Direetfan  of  Hm  Asia 

ProlaetfOD.  ofProlaetloa. 

Longitudinal  Elevation  and  Plan, LongitndinaL 

Longitudinal  and  Transverse  Elevations,.... YerticaL 
Plan  and  Transverse  Elevation, Transverse. 

Projections  of  figures  upon  planes  oblique  to  the  principal  pbnes 
of  projection  may  be  used  for  special  pnrposea 

Sectiob  XL — Traeea  of  Linee  and  Swrfacee, 


13.  By  a  tmm  is  meant  the  intersection  of  a  line  with  a  snr- 
fiK»,  or  of  one  8nrfiu»  with  another.  The  trace  of  a  line  upon 
a  surface  is  a  point;  the  trace  of  one  sur&ce  upon  another  is  a 
line. 

In  descriptive  geometry  the  term  Praoea  is  specially  employed, 
wben  not  otherwise  specified,  to  denote  the  intersections  of  a  line 
or  sui&oe  with  the  planes  of  projection. 

14.  Traces  me  a  0iralght  User— The  position  of  a  draighi  Une  is 
completely  determined  when  its  traces  are  known.  For  example, 
^iie  straight  line  A  C,  in  fig.  2,  has  its  position  completely  deter- 
mined by  its  traces^  A  and  0,  being  the  points  wbere  it  cuts  tha 
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two  planes  of  projection.  The  rabatmerU  of  the  tiaoe  0  is  repre- 
■entedby  c. 

A  staight  line  parallel  to  one  of  the  planes  of  projection  has 

anlj  one  trace,  being  the 
point  where  it  cuts  the 
other  plane  of  projec- 
tion. 

A  strai^t  line  paral- 
lel to  the  ajds  of  projec- 
tion has  no  traces. 

15.  The  TnuM  ttf  • 
PiaiM  are  straight  UnoB 
which  (unless  they  are 
both  parallel  to  the  axis 
of  projection)  meet  that 
axis  in  one  point  The 
position  of  a  plane  is 
Big.  8.  completely    determined 

when  its  traces  are 
known.  For  example,  the  plane  A  B  C,  in  fig:  2,  has  its  position 
completely  determined  by  its  traces,  B  A  and  B  C. 

A  plane  peroendicular  to  one  of  the  planes  of  projection  has  its 
tnce  on  the  oUier  plane  of  projection  perpendicular  to  the  axis  of 
projection.  A  plane  perpendicular  to  both  planes  of  projection 
nas  for  its  traces  two  lines  perpendicular  to  the  axia  Thus,  in 
fig.  1,  page  3i,  the  traces  of  the  plane  A  B  C  D  are  D  C  and  D  B, 
both  perpendicular  to  X  X. 

•  A  plane  parallel  to  one  of  the  planes  of  projection  has  a  trace  on 
the  other  plane  of  projection  only,  being  a  straight  line  parallel 
toXX 

If  a  plane  traverses  a  straight  line,  the  traces  of  the  plane 
trayerse  the  traces  of  the  lin& 


Skexom  IIL — Eulm  Rdaiing  to  Straight  lAne$. 


10.  CtaBOTBl  gMpleMari—  In  each  of  the  figures  illustrating 
Ae  fi>Uowing  mles  the  axis  of  projection  is  represented  by  X  X; 
and  in  genual  the  part  of  the  figure  above  that  line  represents 
the  rabatment  of  the  vertical  plane  of  projection,  and  tne  part 
bslov^  the  hodiontal  plane  of  projection.  The  projections  of 
poittta  en  the  horiaontal  plane  an  in  general  marked  with 
capital  letters^  and  the  projections  on  the  varacal  pkne  with  small 


(in  fig.  3),  Ike  9mm^  A,  &,  ef  a 
I  ffp^iniiM    From  A  and  6  let  fiJl  A  a  and  h  B  perpen* 
to  ZX    Then  a  will  be  the  vertical  pnyjeetion  of  the 
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(noe  A,  and  B  the  horusontal  projection  of  the  trace  h.    Join  s  (, 
A  B;  these  will  be  the  projections  required. 

(It  may  here  be  remarked,  that  a  A  and  a  b  are  the  traces  of  a 
plane  taiveiung  the  given  line,  and  perpendicular  to  the  vertical 
plane  of  projection ,  and  that  B  A  and  B  b  are  the  traces  of  a  plane 
tcavanuig  the  given  line,  and  perpendicular  to  the  horizontal  plane 
of  projection.) 

1&  CUvw   (in  fig.  3\  the  PmlcctlMMt  A  B,    a  b,  •€  a  Straight 

MJmm»  tm  Wimd  ita  Trac— i  From  a  and  B,  where  the  given  projections 
meet  the  axis,  draw  a  A  and 
B  b  perpendicular  to  X  X,  cut- 
ting the  given  projections  in  A 
and  6  respectively.  These  points 
will  be  tlie  reqmred  traces. 

19.  CMwBt  ih0  Pw>jccti#M  mf 

A,  a,  B,  6  (fig.  4), 


A^ 


.—Join  a  (y  A  B;  these  will 
be  the  projections  of  the  straight 
line  to  be  measured.     Through  Fig.  8. 

either  end   of  either  of  those 

projections  (as  b)  draw  dbe  parallel  to  X  X ;  through  the  other  end, 
a,  of  the  same  projection,  draw  a  d  perpendicular  to  X  X,  cutting 
d  b  emd',  mske  J  s  =  the  other  projection,  A  B;  join  a  e;  this 
will  be  the  length  required. 

The  nrae  operation  may  be  performed  on  the  other  plane  of 
projection. 

20.  CUtcm  (in  fig.  4),  the  PrcjecttoM,  A,  O^  ef  a  Pelat, 
A  B,  a  6,  efa  0tralsht 
that  PeiBt,  te  Iisy  etf  cL 


the  Peiat 
the  iJae.  —  In  any  con- 
venient position,  draw  a  straight 
Hne,  B  b,  perpendicular  to  X  X, 
meeting  the  projections  of  the 
0ven  strai|^t  line  in  two  points, 
&,  6,  which  are  the  projections  of 
one  point;  then  perform  the  con- 
sin  ■Tiiun  described  in  Article  19, 
so  as  to  find  a  s.  From  the  point 
0^  in  the  line  a  s,  lay  ofiT  the  given 
<fiBtence^  a  /,  Through  /  draw 
/  h  parallel  to  X  X,  cutting 
mh  m  g;  a  g  will  be  one  m 
ilM  prejeetionB  of  the  gi^vn  dis- 
tanosL    Then  draw  g  Q  perpen- 


F1g.i. 
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dicular  to  X  X,  cuttiDg  A  B  in  G;  AG  will  be  the  other  projection 
of  the  given  distance. 

Another  method  of  finding  G  is  to  laj  off  A  G  ^  Kf, 

21.  «!▼«■  (in  fig.  4),  Ike  Pr*j«cll«M,  ah,  A  B,  er  a  fUnilglit  fAmt^ 
f  •  Fladi  lk«  Aagle  which  It  niMkea  with  Oae  •!  the  PIsHes  •f  Pi«. 

jMti«M  (for  example,  the  horizontal  plane). — Perform  the  oonstmc- 
tion  described  in  Article  19;  then  dta  Sa  the  angle  made  by  the 
given  line  with  the  horizontal  plane.  The  same  oonstmction 
performed  in  the  horizontal  plane  of  pi-ojection  will  give  the  angle 
made  bj  the  given  line  with  the  vertical  plane  of  projection. 

22.  CMTca  (in  ^g,  5),  the  PratlecUeaa,  a  h  wmA  A  B,  a  C  m4  A  C, 
•r  a  Pair  ef  SUmifht  I«iae«  which  latcrwct  each  aiher  la  the  Palat 
wheae  Pwjectlea»  are  a,  A,  ta  lladi  the  Aagle  hctwcca  ihcM  lilacs. — 

In  either  of  the  planes  of  projection  (for  example,  the  vertical 


Fig.  5. 


plane)  find  the  points,  d,  0,  where  the  projections  of  the  given  line 
cut  the  axis  X  X ;  these  will  be  also  the  vertical  projections  of  the 
horizontal  traces  of  the  lines.  Through  0  and  d  draw  d  E,  J  D, 
perpendicular  to  X  X,  cutting  A  C  and  A  B  in  E  and  D  respee- 
tivelj;  these  points  will  be  the  horizontal  traces  of  the  lines.  Join 
D  E  (which  will  be  the  horizontal  trace  of  the  plane  containing 
the  lines),  and  on  it  let  fall  the  perpendicular  F  A.  Join  A  a 
(which  of  course  is  perpendicular  to  X  X);  let  it  cut  X  X  in  G. 
Mcke  G/»  A  F,  and  join  af.  In  F  A  produced,  take  VK^af; 
join  H  ]^  H  D;  E  H  D  will  be  the  angle  required. 

Rkmabk. — ^The  triangle  E  H  D  is  the  rabcUmeni  upon  the 
horizontal  plane  of  the  triangle  whose  projections  ara  E  A  D 
andtfadL 
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S2  A.  «lTCM  (in  fig.  5),  tk«  PNjMtimM,  a  6  and  A  B,  •€  a  ■inU«bt 
Wi4  Oae  Trace  (saj  D  E)  af  a  PIwm  TraTcnlac  that 
llM  Prajcctl«M  •€  a  Smlffht  Uae  which  ■hall,  at  a  «§▼« 
a.  A,  Make  a  |lTea  Aacle  la  the  gtrea  Plaae  with  the  gjtrwm 

E  ■■•  iTnin  A  a,  which  will  be  peipendicnlar  to  X  X.  On  D  E 
let  £dl  the  perpendicular  A  F.  In  X  X  take  G/=  A  F;  join 
a/1  In  F  A  produced  take  F  H  =  af.  Join  H  D;  and  draw 
H  £y  making  D  H  E  »  the  given  angle,  and  cutting  D  E  in  EL 
From  £  let  fall  E  e  perpendicular  to  X  X ;  join  A  £,  o  d;  these 
will  be  the  projections  of  the  line  required. 


Section  IV. — liules  Rdating  to  Planes. 


23.  CIlTcaf  Ihe  Prajccllaae  m€  Thrac  P«lata»  ta  dtaw  fhe  Traces 
aC  m  Haae  PaMlas  threagh  theak—Draw  straight  lines  firom  one 
of  the  points  to  the  two  others ;  find,  by  Article  18,  the  traces  of 
ihoee  straight  lines;  through  those  traces,  on  the  two  planes  of 
projection  respectivelj,  draw  two  straight  lines;  these  will  be  the 
tnboes  required. 

23  A.  «iraN  the  gwJectfeM  af  Twa  Peiaie  aadl  af  a  flttalght  Uae* 
•a  Svaw  the  Traces  m€  a  Ptaae  Ttaranlai;  the  Peiaie  aad  PaiaOel 

•a  *a  liiae.— Through  the  projections  of  either  of  the  given  points 
draw  straight  lines  paraUel  respectively  to  the  corresponding  pro< 
jections  of  the  given  line;  these  will  be  the  projections  of  a  straight 
line  through  the  given  pointy  parallel  to  uie  given  straight  line; 
then,  by  Article  23,  find  the  traces  of  a  plane  traversing  the  new 
stimight  line  and  the  other  given  point 

24  CMrca  (in  fig.  6),  the  Traces  af  a  Plaae,  B  A,  B  C,  ••  Vla« 
ihr  Aagle  which  it  amhes  wMh  aae  •£  the  Plaaes  m€  PntieetlaB 

(for  example,  the  vertical  plane). 

— ^From  any  convenient  point,                                     g/ 
A,  in  the  horizontal  ti-ace  let  fall                                    7^ 
A  D   perpendicular  to  X  X.                                  / 
From  D  let  fisdl  D  e  perpen- 
dicular to  B  C.     In  D  B  lay  off                          x  >. 
D/  =  D  «L    Join /A  (tWs  will 
represent  the  perpendicular  dis- 
tance from  B  C  of  the  point    ic  /^     \f ^        jc 

whose  projections  are  D  and  A).  ^ 

Ay  D  will  be  the  angle  re- 
quired. 

25.  CMvea  (in  fig.  7),  the  Traces 
aff  a  Plaae,  B  A,  B  C,  ta  Fkid 
*a  Aasle  which  it  auihes  with 

the  Avis  ef  Prcdecti^B,  X  X. —  Elg.  C 

In  either  of  the  two  traces  (for 
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example,  B  A)  take  anj  oonvenieiit  point.  A,  from  which  let  £ill 
A  D  perpendicular  to  X  X;  and  on  B  D  aa  a  diameter  describe  a 
eiiGl&     From  D  let  fall  perpendiealaia^  D  0,  D  F,  on  the  two  given 

tnoesL  From  the  point 
Sf  thns  fonnd  on  the  op- 
posite trace  to  that  on 
which  the  point  A  was 
assumed,  let  iall  «  £  per- 
pendicular to  X  X;  join 
£  A,  cutting  D  F  in  a 
From  G  draw  G  H  per- 
pendicular to  X  X,  cut- 
ting the  circle  in  H; 
D  B  H  wiU  be  the  re- 
quired angle. 

26.  ciiT«i  (in  fig.  7), 


B  A,  B  C,  ••  ntmw  9km 


H     IB 

-Complete  the 
Fig.  7.  construction  described  in 

Article  25.  Join  D  H 
(this  represents  the  perpendicolar  distance  of  the  point  D  in 
the  axis  from  the  given  plane);  then  from  H,  along  H  D  (or 
along  D  H  producML^  according  to  the  direction  in  whidi  the 
new  plane  is  to  lie),  laj  off  tiie  giren  perpendicular  distance 
between  the  planes,  U  K.  From  &  draw  K  M  parallel  to  H  B, 
cutting  X  X  in  M.  From  M  draw  M  N  pandlel  to  B  C,  and 
M  L  parallel  to  B  A;  these  will  be  the  tiaoes  of  the  plane 
required 

Or  otherwise : — Complete  the  construction  described  in  Article 
24  (see  fig.  8).  A/  is  the  rabatment  of  the  intersection  of  the 
given  plane  with  a  plane,  A  D  0^  peipendicular  to  the  vei^ 
tical  trace  B  C.  Through  A  draw  A  M  perpendicular  to  A/l 
and  make  A  M  equal  to  the  given  distance  between  the  planes; 
draw  M  N  parallel  to  A/,  cutting  X  X  in  N  In  D  d  produced 
take  D  O  equal  to  D  N.  0  is  a  point  in  the  trace  of  the  ^ane 
required.  Throuffh  0  draw  O  P  parallel  to  B  C,  cutting  X  X  in 
P;  and  through  P  draw  P  Q  parallel  toBA.  OPQistiie  pbas 
required. 

37.  CMT«a  (in fig.  9),  Mm  Timm  •TTw*  WUmm,  OAdmrn^CBd, 
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the 

p]jUMS 


line  are  0  and  d^  where  the  traces  of  the  given 
From  those  points  respectively  let  fiJl  0  0  and 


llS.8. 


d  D  perpendicular  to  X  X;  join  0  J),  cd;  these  will  be  the 
ppneetioDS  rajoired. 


(die  tmes  of  the  line  and  of 
the  plane  being  grren),  it  is  onlj 
■BoesHBry  to  draw  the  traces  of  two 
pia»nT  Uweisiug  the  given  line  in 
euiiveuient  dixeetionfl^  and  find  the 
pwijeetiansof  ^e  lines  in  which  those 
two  pfames  eat  the  given  plane;  the 
isilBfBectRRB  01  Ixiose  projections  will 
be  tiie  projections  of  the  point  recpnred* 
S9.  mwm  (m  fig.  10),  ih« 


Vwe 


12 


OEOUETBY  OF  MACHINEBT. 


UUL  the  Angle  fcetfteea  then. — From  either  of  the  intenections 
of  the  traces  (say  d)  let  fall  d  D  perpendicular  to  X  X ;  draw  D  C, 
joining  D  with  the  other  intersection  of  the  traces.  Through  any 
convenient  ]K)int,  I,  in  D  C,  draw  G  I  H  perpendicular  to  D  C, 


Fig.  10. 


cutting  A  C  in  G  and  B  C  in  H.  Along  X  X  lay  off  D  £  =  D  C, 
and  Df  =  D  I;  join  (^E  (this  wUl  be  the  length  of  the  line  of 
intersection  of  the  planes).  From  t  let  fall  %  k  perpendicular  to 
(^  £;  in  I  C  take  I  K  =  t  ifc;  join  K  G,  KH;  G  K  H  will  be  the 
angle  required. 

When  the  traces  of  the  two  given  planes  are  inconveniently 
placed  for  the  completion  of  the  figure,  we  may  substitute  for  either 
pair  of  traces  another  pair  of  traces  parallel  to  them,  and  more 
conveniently  placed. 

30.  CUt«b  (infig.  10),  the  Tmcee,  A  c^  Mdi  A  0,  ef  ■  PIsms  ■!•• 
the  TnMce»  d  mmA  0,  eC  a  ■cralght  Itfaw  ta  that  PImm$  le  1H«w  the 
Timeee  mi  m  Pfawe  which  ahall  C?Bt  the  glreM  Pfauie  !■  that  EJae  at 

m  glTea  Aagle.— From  either  of  the  traces  of  the  straight  line,  as  J, 
let  fall  d  D  perpendicular  to  X  X;  draw  the  straight  line  D  C, 
joining  D  with  the  other  trace,  0,  of  the  straight  line.  Through 
any  convenient  point,  I,  in  D  C,  draw  I  G  perpendicular  to  D  C, 
cutting  C  A  in  G.  In  X  X  ky  off  D  E  =  D  C  and  Dt  =  D  I; 
join  d  £,  and  on  it  let  fall  the  perpendicular  ik.  In  I  C  take 
I  K  >=  t  A:;  join  K  G.  Then  draw  K  H,  making  G  K  H  »  the 
given  angle,  and  cutting  G  I,  produced  if  necessary,  in  H.  Draw 
0  H,  cutting  X  X  in  ^  and  join  B  d]  these  will  be  the  traces  of 
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31.  CMvM  (in  fig.  IIX  the  Tmc«  •€  m  Plu«»  A  fi  G,  ai^  tte 
yiijBctliM  «r  m  P«lMlt  Q,  g^  f  1H«w  the  Tiacca  eC  m  Mum  Tim- 
■  ■■■i«t  tlM  ciTeM  P«liil,aiB4  Parallel  te  the  ^kw^m  PIsmi.— Throogh 

ather  of  the  projections  of  the  given  point  (aaj  6)  dimw  G  H 
parallel  to  the  corresponding  trace  of  the  given  plane^  mnd  catting 
X  X  in  H.  (This  will  be  one  of  the  projections  of  a  line  through 
the  given  pointy  parallel  to  the  tmce  A  B  of  the  given  plaiML) 


Fig.  IL 

Through  H  draw  H  D  perpendicular  to  X  X ;  and  through  g  draw 
g  D  parallel  to  X  X,  cutting  H  D  in  D  (^  D  will  be  the  projection 
and  D  one  of  the  traces  of  the  line  before  mentioned).  Through 
D  draw  D  E  parallel  to  0  B,  cutting  X  X  in  £;  and  through  £ 
draw  £  F  parallel  to  B  A;  D  E  F  will  be  the  traces  of  the 
rea  uixed  plane. 

32.  CUTm,llM  Wacce  t  a  Phwe,  E  F,  ED  (in  fig.  11),  wmA  •m 
Pii<iJitf«a  e€  a  Petet  la  Ikat  Plaae,  ta  FladI  Um  aibcr  PteJecUea 

•r  ihat  Pelaf.— Suppose  g^  the  vertical  projection  of  the  pointy  to 
be  given.  Draw  g  D  parallel  to  X  X,  cutting  £  D  in  D.  From 
D  let  fidl  D  H  perpendicular  to  X  X  From  g  draw  g  G  perpen- 
dicular to  X  X,  and  from  H  draw  H  G  pandlel  to  £  F;  the 
intersection  of  those  lines,  G,  will  be  the  required  horizontal  pro- 
jection of  the  given  point 

33.  QHea  (in  fig.  12),  the  Tkaeee,  A  B  0,  ef  a  Plaae,  aa4  the 
PiijBMHaa,  D,  dy  ef  a  Peiat,  le  ]>nw  the  PniiectieaB  ef  a  Pcvpea- 
dicahnr  let  Pall  itmm  the   Peiai  ea  the  Plaaer— From  one  of  the 

projections  of  the  given  point  (say  D)  draw  D  £  F  perpendicular 
to  tiie  corresponding  trace,  B  A,  of  the  given  plane,  and  cutting 
B  A  in  £,  and  X  X  in  F.     From  E  let  &11  £  «  perpendicuhur  to 
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X  X;  from  F  draw  F/  perpendicular  to  X  X,  cutting  the  trace 
B  C  in  /;  joiny  0;  from  d  draw  d  g  perpendicular  to  B  C,  cutting 

/e  in  g;  and  from  g  draw  g  O 
perpendicular  to  X  X,  cutting 
D  F  in  G.  J)G  and  dg  will 
be  the  projections  of  the  per- 
pendicular required. 

34.  CMreH  (in  fig.  13V  tlM  Pm 
Jcctf •■•   mf  A   Pelal,  D,  d,    •■« 
thMe  mt  A  Stnil«hl  I^lse,  A   B, 
a  6,    ••  l^raw  the  Traces  mi  m 


PlMie  which  shall  Tnirenc  the 
Pclat,  Midi  h«   PcrpcadicBlar  tm 

the  Eiiac. — Through  one  of  the 
projections  of  the  given  point 
(say  D)  draw  D  G  perpendicular 
to  A  B  (the  corresponding  pro- 
jection of  the  given  line),  cutting 
X  X  in  G.  Through  G  draw 
G  g  perpendicular  to  X  X ; 
through  dj  the  other  projection 
of  the  point,  draw  dg  parallel  to  X  X,  cutting  G  ^  in  ^;  through  g 
draw  E  C  peipendicular  to  a  6,  cutting  X  X  in  0 ;  and  through  0 

-  draw  C  F  perpendicular 

«^  to  A  B.      E  C  F  will 

be  the  traces  of  the  re- 
quired plane. 
35. 


Fig.  12. 


»raw    the 


tf  m 


7%.  18. 


FaU 

•■  the  Sasight 

Find  by  the  preceding 
rule  the  traces  of  a 
plane  trayersing  the 
given  point,  and  per- 
pendicular to  the  given 
line;  then,  by  Article 
23,  find  the  ttmoes  of 
a  plane  traverang  the 
given  point  and  luxe; 


and  finally,  by  Article  S7,   Snd  the  projection  of  the  line  of 
intersection  of  thoae  two  planea 

36.  CMvo^  th«  Fm#Jc€)U—  9f  Tw*  Smilghl  Umm  that 
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liar. — By  Artide  23  a,  find  the  traces  of  a  plane  travers- 
ing  one  of  the  lines  and  parallel  to  the  other.  Then,  by  Article  33, 
find  the  projections  of  a  perpendicular  let  fall  on  that  plane  from 
anj  convenient  point  in  the  second  lina  Then  through  the  pro- 
jections of  the  foot  of  that  perpendicular  draw  the  projections  of 
a  straight  line  parallel  to  the  second  straight  line ;  these  will  cut, 
the  projections  of  the  first  straight  line  at  one  end  of  the  common 
perpendicular,  whose  projections  will  be  parallel  and  equal  to  those 
of  the  perpendicular  already  found. 

36a.  PMfccttoBs  •€  m  Ctecie. — When  an  instrument  which  draws 
ellipses  aecuraidy  is  at  hand,  it  may  be  used  for  the  purpose  of 
drawing  the  projections  of  a  circle  of  a  given  radius,  described 
about  a  given  point  in  a  given  plane,  and  may  thus  facilitate 
much  the  solution  of  various  problems  The  following  is  the 
process  for  obtaining  the  projections  of  a  circle : — 

CMrca  (in  fig.  14),  dM  TmcM  •€  a  PlmKe,  ABC,  mmA  the  Pr«. 
icrti»iM  •€  A  I*«tet  !■  lk«t  I*huM«  D,  d^  tm  Dnw  the  PMiJcctlMM  mi 
A  €;iKl0  mf  A  giTCA  liAdlAs,  dMcHbedl  !■  thm  gIveA  VUmm  aad  aMaI 

tkm  ciroi  P«iAt.— For  the  vertical  projection,  describe  about  d  a 
circle  of  the  given  radius,  df  =^  de,  and  draw  the  diameter  ej 
parallel  to  the  trace 
C  B;  «/  will  itself  be 
the  vertical  projection 
of  one  diameter  of  the 
ciide.  Draw  dg  per- 
pendicular to  ef.  Find, 
by  Article  24,  the  angle 
which  the  given  plane 
makes  with  the  vertical 
plane  of  projection,  and 
lay  off  g  d  h  equal  to 
the  angle  so  found. 
From  A,  in  the  circle, 
draw  h  k  parallel  to/e, 
and  cutting  d  g  in  A; 
then  d  k  will  be  the 
vertical  projection  of  a 

radius  of  the  circle  perpendicular  to  ef.  Then  on  the  major  axis, 
ef,  and  minor  semi-axis,  d  ky  describe  an  ellipse;  that  ellipse  will 
be  the  required  vertical  projection  of  the  circle. 

The  horizontal  projection  is  obtained  by  a  precisely  similar 
procesB^  the  rule  of  Article  24  being  now  used  to  find  the  angle 
which  the  given  plane  makes  with  the  horizontal  plane  of  pro- 


Fig.  14. 


jection. 


The  two  ellipses  are  both  touched  by  a  pair  of  tangents,  M  m. 
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L  I,  perpendicular  to  X  X;  and  the  diameters,  ^  m,  L  M,  are  the 
projections  of  one  diameter  of  the  circle— rviz.,  that  diameter 
in  which  the  plane  A  B  C  is  cat  at  right  angles  by  a  plane  parallel 
to  X  X.  The  perpendicular  distance,  N  n,  between  the  two 
tangents  is  equal  to  the  diameter  of  the  circle  multiplied  bj  the 
cosine  of  the  angle  which  the  given  plane  makes  with  X  X,  and 
.is  bisected  by  the  line  D  (L 
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CHAPTER  IL 

OF  THE  MOTIOKS  OF  P&IMABT  MOVING  PIECES  IN  MACHINESL 

Section  L — General  ExpUtnaiwns, 


37.  VKUMf  BIcTliiC  ^.'^^  PriMUT  ud  SecMdwr.  {A.  M.,  427.) 
— T)ie  frame  of  a  machine  is  a  structure  which  sappoits  the  moving 
piecee,  and  regulates  the  path  or  kind  of  motion  of  most  of  them 
direcUj.  In  considering  the  movements  of  machines  mathemati- 
callj,  the  fiame  is  considered  as  fixed,  and  the  motions  of  the 
moving  pieces  are  referred  to  it  The  frame  itself  may  have  (as  in 
the  case  of  a  ship  or  of  a  locomotive  engine)  a  motion  relatively 
to  the  earth,  and  in  that  case  the  motions  of  the  moving  pieces 
relatively  to  the  earth  are  the  resultants  of  their  motions  relatively 
to  the  frame,  and  of  the  motion  of  the  frame  relatively  to  the 
earth;  but  in  all  problems  of  pure  mechanism,  and  in  many 
problems  of  the  dynamics  of  machinery,  the  motion  of  the  frame 
relatively  to  the  earth  does  not  require  to  be  considered. 

The  moving  pieces  may  be  distinguished  into  primart/  and 
Beeondary;  the  former  being  those  which  are  directly  carried  by 
the  frame,  and  have  their  motion  wholly  guided  by  their  con- 
nection with  the  frame;  and  the  latter,  those  niiich  are  carried  by 
other  moving  pieces^  or  which  have  their  motion  not  wholly  guided 
by  their  connection  with  the  frame.  For  example,  the  crank-shafb 
and  the  piston-rod  of  a  steam  engine  are  primary  moving  pieces; 
the  wheels  of  a  locomotive  are  primary  moving  pieces;  the 
connecting'rod  of  a  steam  engine  is  a  secondary  moving  piece 

Ccnneciors  are  those  secondary  moving  pieces,  such  as  links,  belts, 
cords,  and  chains^  which  transmit  motion  from  one  moving  piece 
to  another,  when  that  transmission  is  not  effected  by  immediate 
oortact 

38.  Umaimg^  {A.  M,,  428,)  are  the  surfaces  of  contact  of  primary 
moving  pieces  with  the  frame,  and  of  secondary  moving  pieces  with 
the  pieces  which  carry  them.  Bearings  guide  the  motions  of  the 
pieces  which  they  support,  and  their  figures  depend  on  the  nature 
of  those  motionsL  The  bearings  of  a  piece  which  has  a  motion  of 
translation  in  a  straight  line  must  have  plane  or  cylindrical* 

*  The  word  "  cylindrical"  is  here  used  in  the  oompreheiisive  aenae,  which 
^aoiea  any  aurlkce  generated  by  the  motion  of  a  atrai^t  line  panllel  to 
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snrfaces,  exactly  straight  in  the  direction  of  motion.  The  bearings 
of  rotating  pieces  most  have  surfaces  accurately  turned  to  Jigurea 
qfrevolutumf  such  as  circular  cylinders,  spheres,  cones,  conoids^  and 
flat  discs.  The  bearing  of  a  piece  whose  motion  is  helical,  must  be 
an  exact  screw.  Those  parts  of  moving  pieces  which  touch  the 
bearings  should  have  surfaces  accurately  fitting  those  of  the 
bearings.  They  may  be  distinguished  into  alides,  for  pieces  which 
move  in  straight  lines,  gudgeons^  jovumcdSi  bushes,  and  pivots,  for 
those  which  rotate,  and  screws  for  those  which  move  helically. 

The  accurate  formation  and  fitting  of  bearing  surfaces  is  of 
primary  importance  to  the  correct  and  efficient  working  of 
machiiieB. 

39.  me  mmtamn  •€  PMflUuy  Mmtim^  PlecM  (A  M.,  429,)  mn 
lAtmMmA  by  the  fact,  that  in  order  that  different  portions  of  a  pair 
of  bearing  sur&ces  may  accurately  fit  each  other  during  their 
TelatiTe  motion,  those  snr&ces  must  be  either  straight,  circular,  or 
heKeal;  from  which  it  follows,  that  the  motions  in  question  can  be 
of  three  kinds  only,  viz. : — 

L  SUraighi  trandation,  or  shifting,  which  is  necessarily  of  limited 
ffictent,  and  which,  if  the  motion  of  the  machine  is  of  indefinite 
duration,  must  be  redproeating ;  that  is  to  say,  must  take  place 
alternately  in  opposite  directions :  for  example,  the  piston-iod  of  a 
steam  engine. 

IL  Simple  wtaHon,  or  turning  about  a  fixed  axis,  which  motion 
may  be  either  continuous  or  reciprocating,  being  called  in  the 
kitter  ease  swinging,  rodcing,  or  osetUatioTL  Continuous  rotation 
is  exemplified  by  the  shaft  of  a  steam  engine;  reciprocating  rotation 
by  various  beams  or  levers. 

IIL  Hdieal  or  screw4ihe  motion,  compounded  of  rotation  about 
a  fixed  axisy  and  translation  along  that  axis. 

Section  IL — Straight  Motion  of  Prim/airy  Pieces. 


40.  aimigkt  TrtiMrfartim  is  the  motion  of  a  primary  piece  sliding 
along  a  straight  guiding  surface.  All  the  particles  of  the  piece 
move  through  equal  distances  in  a  given  time,  along  parallel  straight 
lines ;  and  the  line  joining  any  two  particles  remains  unaltered  in 
length  and  in  direction. 

4L  ■mimiw  ■■«  Cmh^mMm  cT  WimammM,  The  reeuUanJt  of 
two  or  more  component  motions  is  the  motion  which  results  from 
putting  them  together.  If  the  component  motions  are  represented 
by  straight  lines,  their  resultant  is  found  geometrically  by  joining 
together,  end  to  end,  a  series  of  straight  lines  respectively  equal 
and  parallel  to  the  given  straight  lines,  and  pointing  in  the  same 
directions,  and  then  drawing  a  straight  line  from  the  starting  point 
to  the  further  end  of  the  series.     For  example : — 
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Fig.  15. 


AB  and  AC,     Let  the  paper  lepreae&ttbe  plane  of  thaw  metuNML 

From  B  draw  B  D  parallel  and  equal  to  A  C,  aad  potniiiig  ia  tha 

same  direction ;  join  A  D;  this  will  be 

the  required  resultant  motion ;  or,  is  other 

words,  complete  the  parallelogram^  A  B 

D  C;  its  diagonal,  A  D,  will  be  the  re* 

quired  resultant. 

A  motion  may,  if  required,  be  raohed 
into  mmffmadB.  The  following  are  the 
ciflee  meet  uaelul  in  medianism : — 

IL  (Fig.  Id.)  To  resolve  a  given  motion^ 
A  D,  vnlo  components  in  two  given  direc- 
tions in  the  same  plane,  A  X  and  A  Y. 
Through  D  draw  D  C  parallel  to  X  A, cutting  AT  in  C^and  D  B 
panllel  to  Y  A,  cutting  A  X  in  B;  A  B  and  A  C  will  be  the 
required  components. 

IIL  (Fig.  16.)  To  resolve  a  given  moOonj  A  D,  into  one  component 
paraUd  and  another  component  perpendicular  to  a  given  direction* 
Through  A,  parallel  to  the  given  direction^      , 
draw  A  X,  upon  which  let  fall  the  perpen- 
dicular D  B;  then  A  B  will  be  the  first  of 
tbe  required  components,  and  A  C  parallel 
and  equal  to  B  D  will  be  the  second. 

IV.  Given,  the  traces  of  a  plane  (Article 
\^f  page  6)  and  the  projections  of  a  straight 
fine  representing  a  motion  (Article  II,  page 
^)}  to  find  tlte  projections  qf  two  comporteni 
mctionSf  one  perpmdicular  and  the  other  paralld  to  tlte  plane,  "By 
tbe  rule  of  Article  31,  page  13,  draw  the  traces  of  a  second  plane 
pardlel  to  the  given  plane,  and  traversing  the  point  which  repre- 
wnts  one  end  c?  the  given  motion.  Then  by  the  rule  «if  Article  33, 
ptge  13,  find  tiie  projections  of  the  perpendieular  let  Mk  on  the 
second  phine  firom  the  point  representing  the  other  end  of  the 
given  motion.  That  perpendicular  will  be  one  of  the  required 
components;  and  the  straight  line  from  the  first-mentioned  point 
to  the  foot  ik  the  perpendicular  wiU  be  the  other.  The  lengths  of 
the  fines  representing  the  component  motions  may  be  found,  if 
required,  by  Article  19,  page  7. 

The  component  <tf  the  motion  parallel  to  the  given  plane  is 
<MaotiLj  its  projection  on  that  jdane.  It  is  sooMtimcB  called  the 
(mgeMHaleompanenif9nd  the  component  perpendicnlair  to  the  gvvea 
plane  the  normal  componmU  of  the  given  motion. 

y.  Given,  a  resultant  motion  and  one  of  two  component  motiom^ 
to  find  As  other  component  motion.  Combine  the  given  resultant 
iDotien  with  a  motion  equal  and  opposite  to  the  given  component 


Fig.  16. 
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motion;  the  resultant  of  these  two  will  be  the  required  other  com- 
ponent motion.  For  example,  in  fig.  15,  let  A  D  be  the  given 
resultant  motion^  and  A  B  the  given  component;  draw  D  C  equal 
and  parallel  to  A  B,  and  pointing  the  opposite  way;  join  A  C; 
this  will  be  the  required  other  component :  or  otherwise,  join  B  D 
and  draw  A  C  equal  and  parallel  to  it 

VI.  (Fiff.  17.)  Oiven,  the  vertical  projection,  A  B,  cmd  the  hori- 
tontal  proijeclian,  A  B',  of  a  straight  line  repreaerUing  a  nwiion,  to 
reeolve  thai  motion  into  three  rectangular  components  parallel  and 
perpendicular  to  the  planes  of  projection.  Let  O  X  be  the  axis  of 
projection  (Article  9;  page  4).     Draw  the  straight  lines  A  A',  B  F, 


— X 


Fig.  17. 

cutting  the  axis  of  projection  (of  course  at  right  angles)  in  0  and  D. 
Then  through  any  convenient  point,  O,  in  the  axis  of  projection, 
draw  the  straij^t  line  Z  O  T'  at  right  angles  to  that  axis;  and 
take  O  T'  to  represent  a  transverse  horizontal  axis,  and  O  Z  to 
represent  a  vertical  axia.  (The  point  O  is  called  the  origin.)  Then 
Mrallel  to  X  O  draw  A  E'  and  F  F  to  meet  O  T',  and  A  O  and 
b  H  to  meet  O  Z.  The  three  components  required  will  be  repre- 
sented by  C  D,  F  F,  and  O  H. 

YIL  Given  (in  fig.  17),  the  vertioal  prcjedion,  A  B,  and  the 
horizontal  projection,  A!  "B,  qfa  straight  line  representing  a  motion, 
to  draw  a  th^rd  projection  ^  the  same  straight  line  on  a  vertical 
transverse  plane  ^projection  perpendicular  to  the  first  two  planes  qf 
~'''*iection.  Construct  fig.  17  as  described  in  the  preceding  Rule. 
^nd  O  T'  will  be  the  traces  of  the  third  plane  of  projection. 
«  X  O  towards  Y';  then  O  T'  will  represent  the  rabatment 
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o£  O  Y*,  and  Z  O  Y*  the  rabatment  of  the  Teitical  transverse 
plane  upon  the  vertical  longitadinal  plane  of  projection.  In  O  Y' 
take  Oir=  OE',andOF'=OF;  draw  E"  A' and  F^B^  parallel 
to  O  Z,  to  meet  A  6  and  B  H  produced  in  A'  and  B^  respectivelj; 
join  A'  B";  this  will  be  the  projection  leqnired. 

According  to  the  role  alrnidj  stated  in  Article  19,  page  7,  the 
motion  of  which  A  B  and  A'  K  are  the  projections  is  to  be  found 
bj  making  K  L  =  A'  B',  and  joining  L  B,  which  line  will  repre- 
sent the  extent  of  the  resultant  motion. 

The  following  are  the  relations  between  a  resultant  motion  and 
its  components  as  expressed  by  calculation.     In  fig.  15, — 

8inCAB:8inCAD:sinDAB::AD:AB:AC; 
also,     AD«  =  AB«  +  A(?  +  2ABACcosCAR 
In  fig.  16, 

AB»ADoosBAD;  AC=  AD -sin  BAD; 

A  D«  =  A  B2  +  A  C«. 

In  fig.  17, 

L  B?  =  C  D*  +  IT  F«  +  G  H« 

42.    WnlBtlVB    Mtl—    •€  Tw*    Mmwim^   Pice—. — All    motion    is 

relative:  that  is  to  say,  every  conceivable  motion  consists  in  a 
change  of  the  relative  position  of  two  or  more  points.  In  speaking 
of  the  motions  of  the  moving  pieces  of  machines,  motions  rilaHvdy 
to  the/rame  are  always  to  be  understood,  unless  it  is  otherwise 
specified.  It  is  often  requisite,  however,  to  express  the  motion  of 
a  point  in  a  moving  piece  relatively  to  a  point  in  the  same  or  in 
another  moving  piece. 

In  the  case  considered  in  the  present  section,  where  the  relative 
position  of  two  points  in  the  same  moving  piece  remains  unaltered, 
not  only  as  to  distance  but  as  to  direction,  the  relative  motion  of 
sndi  a  pair  of  points  is  nothing.  The  motion  of  one  moving  piece 
relatively  to  another  is  determined  by  the  following  principle : — Let 
P,  Q,  and  R  denote  any  three  points;  then  the  motion  of  R 
relatively  to  F  is  the  resultant  of  the  motion  of  R  relatively  to  Q, 
combined  with  the  motion  of  Q  relatively  to  P;  so  that  if  the 
motions  of  Q  relatively  to  P,  and  of  R  relatively  to  P  are  given, 
the  motion  of  R  relatively  to  Q  is  to  be  found  according  to  Rule 
V.  of  the  preceding  Article,  by  compounding  with  the  motion  of  R 
relatively  to  P  a  motion  equal  and  opposite  to  that  of  Q  relatively 
to  P.  For  example,  let  P  stand  for  the  frame  of  a  machine,  and 
Q  and  R  for  two  moving  pieces  which  slide  along  straight  guides; 
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and  in  a  given  interval  of  time  let  A  B,  in  fig.  15,  page  19^  repre- 
sent tke  motion  of  Q  relatiyelj  to  P,  and  A  D  the  motion  of  R 
zelatively  to  P;  tben  A  C^  found  by  Role  Y.  of  Article  41,  will 
represent  ike  motion  of  B  relatively  to  Q. 

In  all  cases  whatsoever  of  relative  motion  of  two  bodies,  the 
motion  ai  one  relatively  to  the  other  is  exactly  eqnal  and 
oontraij  to  that  of  the  second  relatively  to  the  first  For  example, 
let  P  and  Q  be  two  points;  and  when  P  is  treated  as  fixed,  let  Q 
move  through  a  given  distance  in  a  giv^i  direction  relatively  to  P; 
then  if  Q  is  treated  as  fixed,  P  moves  through  the  same  distsnce 
in  the  contrary  direction  relatively  to  Q. 

43.  c«nipanuiT«  MmOmm  {A.  M,,  358,)  is  the  relation  borne  to  each 
other  by  the  simultaneous  motions  of  two  points,  either  in  the  same 
body  or  in  different  bodies,  relatively  to  one  and  the  same  fixed  point 
or  body.  It  consists  of  two  elements :  the  vdodt^-raHo,  which  is  the 
proportion  borne  to  each  other  by  the  distances  moved  through  by 
the  two  points  in  the  same  interval  of  time;  and  the  diredkcnal 
relation,  which  is  the  relation  between  the  directions  in  which  the 
two  points  are  moving  at  the  same  instant 

In  the  case  of  two  points  in  a  primary  piece  whose  motion  is 
one  of  translation,  the  velocity-ratio  is  that  of  equality,  and  the 
directional  relation  that  of  identity;  for  all  points  in  such  a  piece 
are  moving  with  equal  speed  in  parallel  directions  at  the  same 
instant 

When  two  pomts  in  two  different  pieces  are  oompared,  the 
corapaxison  may  give  a  different  result.  For  example,  let  P,  as 
before,  stand  for  the  frame  of  a  madiine,  and  Q  and  R  for  two 
moving  pieces;  and  while  Q  performs  relatively  to  P  the  motion 
represented  by  A  B  (fig.  IS,  page  19),  kt  R  perfonn  relartivdy  to 
P  the  motion  represented  by  A  D.  Then  the  oompcmxtive  tmotian 
of  R  and  Q  consists  of  the  foUowing  elements : — 

the  velocity-ratio,  -^-^ ; 

and  the  directional  relation,  represented  by  the  angle  BAD. 

In  most  of  the  cases  whidi  occur  in  mechanism  tlie  motion  of  each 
point  is  limited  to  two  directions — forward  or  backward — ^in  a  fixed 
path ;  so  that  the  directional  relation  of  two  points  may  ofien  be 
Buffidently  e3q>reRBed  by  prefixing  the  sign  4-  or  —  to  their  velooity- 
ratiOj  aooording  as  th«r  motions  are  similar  or  contrary;  that  is, 
the  sign  -f  denotes  that  those  motions  are  both  forward  or  both 
backwwi;  and  the  sign  —  that  one  is  forward  and  the  other 
backward. 

We  may  compare  tc^ther  the  different  components  of  the 
motion  of  one  pointy  and  the  resultant  motion.    For  exam[^  in 


GOMPA&ATIYE  MOTIOH — VMmXQ  AMD  WQBKINO  POINTS.  23 

fig&  15  and  16^  page  19,  the  velocity-ratioB  of  two  oompoBenfc 
laoAoDB,  as  compued  wi&  tiieir  resahaat,  are  expraaaed  hy 

AB       ,  AC 
AD  ""*  AD' 

and  in  fig.  17,  page  20,  the  Yelocity-ratiaB  of  thrae  rectao^gulttr 
component  motiona^  as  compared  with  their  teanltant,  are  ex* 
pceased  bj 

CD  1^         GH 

LB'  LB'^'^LB* 

Sbicily  speaking,  the  principles  of  the  geometiy  of  machinaiy  or 
of  pure  mechanism,  are  concerned  with  comparative  motions  only, 
and  not  with  absolute  velocities :  or,  in  other  words,  those  principles 
relate  to  the  motions  which  different  moving  points  perform  in  the 
coone  of  the  same  interval  of  tune,  but  not  to  the  length  of  the 
interval  of  time  in  whidi  soch  motions  axe  pexformed.  For 
eKamfile,  in  the  caae  of  a  direct-acting  abeam  engine^  the  principlea 
of  poie  meduadam  cdiow  that  the  jMston  makes  one  double  atn^e 
fior  eadi  levolntioA  of  ih»  crank;  that  the  directional  relation  oi 
the  piakm  and  onmk-pin  varies  periodicallj,  the  piston  moving  to 
and  &o,  while  tiie  crank-pin  moves  eantinnoHslj  round  in  a  curole; 
and  Aat  in  partienlar  poeitiooa  of  those  pieces  their  velocity-ratio 
takes  particular  valoea ;  but  the  question  of  what  interval  of  time 
IB  oooi^ifid  by  a  xevdisbioii,  or  <^  how  many  revolutions  are  per- 
Snemed  in  a  minvte^  belongs  not  to  the  geometcyy  but  to  the 
dynaanial  ci  flMdnnea.  Furtiier,  in  the  case  of  a  pair  of  spur 
wheels  9aariBig  into  eadi  other,  the  princi^es  of  pure  mechanism 
diow  that  in  may  given  interval  of  time  the  numbers  of  revolutions 
perfoKsad  hy  tiioae  wheels  req)ectivel7  axe  inversely  as  their 
■iiiliiii  II  ef  teeth,  and  that  the  directions  in  which  they  turn  are 
euntanry;  but  thoae  principles  do  not  inform  us  how  many  revolur 
tioBa  either  iHbeel  makes  in  a  niinate. 

44  mrtHiv  Wu^m  mmd.  Wiittoa  ]P«iair— The  tenn  driving  poini 
as  Qsad  to  denote  that  point,  either  in  a  whole  machine  or  in  a 
given  moving  piece  of  a  machine,  where  the  force  is  iq»plisd  that 
oaiiaea  the  motioii;  and  the  term  Vforking  pewd  is  used  to  denote 
the  paint  when  the  useful  work  is  done.  These  explanations 
cwataiw  lefrnDoea  to  the  dynamics  of  machines;  but  it  is  to  be 
undentood  that  in  'tiie  geometry  of  madiines,  or  pure  medianism, 
it  ia  the  CBmfo/n^Hoe  modon  only  of  the  driving  point  and  working 
point  that  is  taken  into  consideration.  It  is  to  be  observed,  too, 
thai  the  word  **pdini"  is  here  taken  in  an  extended  meaning;  for 
^bfb  esEflrtion  of  force  or  communication  of  motion  at  a  mathematical 
poant,  of  no  aenaible  magnitude,  is  purely  ideal ;  and  when  tiie  word 
poml  ia  uad  with  xefisrenoe  to  the  driving  or  the  work  of  maohio' 
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it  is  to  be  held  to  mean  the  place  where  the  action  that  drives  or 
that  resists  a  machine  is  exerted,  of  what  magnitude  soever  that 
place  may  be,  whether  a  soiface  or  a  volume.  Thus,  the  driving 
point  in  a  steam  engine  comprehends  the  whole  surface  of  the 
piston  that  is  pressed  upon  by  the  steam  which  drives  the  engine; 
and  the  working  point,  where  friction  is  overcome,  comprehends 
the  whole  of  the  rubbing  surface,  and  where  a  heavy  body  is  lifted, 
the  whole  volume  of  that  body.  Nevertheless,  for  the  scdce  of  con- 
venience in  mathematical  investigation,  such  places  of  the  action  of 
driving  or  resisting  forces  are  often  treated  on  the  supposition  that 
they  may  be  represented  by  single  points;  for  when  such  points  are 
properly  chosen,  no  error  is  incurred  by  making  that  supposition. 

Section  III. — Rotation  of  Primary  Pieces. 


45.  ■•teitoa  •£  m  PHMuy  Pleeei  {A.  M.,  370*372.)— iSotolum  or 
Tufming  is  the  motion  of  a  rigid  body  when  lines  in  it  change  their 
directions ;  and  it  is  the  only  kind  of  motion  involving  change  of  the 
relative  positions  of  the  particles  of  a  body  that  is  possible  consistently 
with  rigidity;  that  is  to  say,  with  the  maintenance  of  the  distance 
between  every  jMur  of  particles  in  the  body  unchanged  An  aadB  of 
roUUion  is  a  Une  in  a  ri^d  body  whose  dii^ection  is  unchanged  by  the 
rotation ;  and  k fixed  aone  qf  rotation  is  a  line  whose  position,  as  well  as 
its  direction,  is  unchanged  by  the  rotation.  Every  line  in  a  rotating 
body  which  is  parallel  to  the  axis  has  its  direction  unchanged  by 
the  rotation.  The  rotation  of  a  primary  piece  in  a  machine  always 
takes  place  about  an  axis  that  is  fixed  relatively  to  the  frame  of  the 
machine  j  that  axis  being  the  geometrical  axis,  or  centre  line,  of  a 
bearing  surface  (such  as  that  of  the  journals  or  gudgeons  of  a  shaft), 
whose  form  is  that  either  of  a  circular  cylinder  or  of  some  other 
surface  of  revolution  The  plane  qf  rotation  is  any  plane  perpen- 
dicular to  the  axis.  Every  such  plane  in  a  rotatLng  body  has  its 
position  unchanged  by  the  rotation ;  and  straight  Imes  in  such  a 
plane — ^that  is,  straight  lines  perpendicular  to  the  axis  of  rotation — 
change  their  directions  more  rapidly  than  any  other  straight  lines 
in  the  same  body. 

46.  Speejl  m€  Wtu9mamm»  {A.  M.,  373.) — Although  in  the  case  of 
rotation,  as  well  as  in  that  of  translation,  the  principles  of  pure 
mechanism  are  concerned  with  comparative  velocities  only,  still 
it  is  desirable  here  to  state,  that  the  speed  with  which  a  rotating 
body  turns  is  expressed  in  two  different  ways.  For  most  practical 
purposes  it  is  usually  stated  in  turns  and  fractions  of  a  turn  in  some 
convenient  unit  of  time;  such  as  a  second,  or  (more  commonly)  a 
minute.  For  scientific  purposes,  and  for  some  practical  purposes 
also,  it  is  expressed  in  angular  velocity;  which  means,  the  angle 
swept  through  in  a  second  by  a  line  perpendicular  to  the  axis  of 
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rotation:  that  angle  being  stated  in  circular  measure;  which 
means  the  ratio  of  the  length  of  the  arc  subtended  by  an  angle  to 
the  radius  of  that  ara  l^e  following  are  examples  of  the  yalnes 
of  angles  in  circular  measure : — 

One  degree, 0-0174533  nearly; 

Pour  right  andes,  or  a  )  /.  oooo ,710  , 

T«Y0lutkm,...T.!7 I  ^'2832  nearly  =  jyg  very  nearly. 

Hence,  to  convert  turns  per  second  into  angular  velociti/,  multiply  by 

710 

-—  s  6*3832  nearly;  and  to  convert  angular  velocity  into  turns  per 

113 
seeondy  multiply  by  =^  =  0-159155  nearly.    The  time  qfrevolution 

in  seconds  is  the  reciprocal  of  the  speed  expressed  in  turns  per 
second.  The  comparative  speed  or  angular  veiocUy-ratio  of  two 
rotating  pieces  is  independent  of  the  kind  of  unit  in  which  their 
absolute  speeds  may  be  expressed;  it  is  the  reciprocal  of  the  ratio 
of  their  tunes  ^revolution. 

47.  Bf  !■•■   te   Cmmmmm  t*   an   Pattt   cT  the   Tn«las   B«di7« 

(A.  if.,  375.) — Since  the  angular  motion  of  rotation  consists  in  the 
change  of  direction  of  a  line  in  a  plane  of  rotation,  and  since  that 
change  of  direction  is  the  same  how  short  soeyer  the  line  may  be, 
it  is  evident  that  the  condition  of  rotation,  like  that  of  translation, 
is  common  to  eveiy  particle,  how  small  soeyer,  of  the  turning  rigid 
body,  and  that  the  angular  velocity  of  turning  of  each  particle,  how 
■mall  soever,  is  the  same  with  that  of  the  entire  body.  This  is 
oihennse  evident,  by  considering  that  each  part  into  which  a  rigid 
body  can  be  divided  turns  completely  about  in  the  same  time  with 
eveiy  other  part,  and  with  the  entire  body,  and  makes  the  same 
number  of  turns  in  a  second,  or  a  minute,  or  any  other  interval 
of  timflL 

4a  Vigkt  md  l^eMSmmMf^  MmiaMwm.  {A.  M,,  376.)— The  direction 
of  rotation  round  a  given  axis  is  distinguished  in  an  arbitrary 
manner  into  right-handed  and  left-handed.  One  end  of  the  axis  is 
chosen  as  that  from  which  an  observer  is  supposed  to  look  along 
the  direction  of  the  axis  towards  the  rotating  body.  Then  if  the 
body  seems  to  the  observer  to  turn  in  the  same  direction  in  which 
the  sun  seems  to  revolve  to  an  observer  north  of  the  tropics,  the 
rotation  is  said  to  be  right-handed;  if  in  the  contrary  direction, 
left-handed;  and  it  is  usual  to  consider  the  angular  velocity  of 
i^t-handed  rotation  to  be  positive,  and  that  of  left-handed  rota- 
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tion  to  be  negative;  but  this  is  a  matter  of  oonTenienoe.     It 
obvious  that  the  aame  rotation  which  aeenu  right-handed 
looked  at  from  one  end  of  the  axiB,  MeBUs  left-hai^bd  when  looked 
at  from  the  other  end.     In  Gg  18,  the  arrow  R  representB  right- 
handed  rotation,  and  the  arrow  L 
left -handed   rotation.      When  a 
body  oscillatea  about  an  axis  its 
rotation  is  alternately  right-handed 
and  left-handed. 

49.  TrMMrimi—  of  m  Polat  te  m 
WtmtmMhm  Piece.  {A.    M.,    377.) — 

Each  point  in  a  rotating   piece  Tig.  16. 

{except  those  situated  in  the  axis) 

has  a  motion  of  revolution — ^that  is,  trandaJtion  in  a  ctrcular  pa^ 

round  the  axis  of  rotation ;  and  the  velocity  of  that  tranalation  is 

the  product  of  the  perpendicular  distance  of  the  point  from  the 

axis — that  is,  the  radius  of  the  circular  path,  into  the  angaUir 

velocity  of  rotation  (Article  46,  page  24).     Thus,  in  fig.  19,  let  the 
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Fig.2L 


Fiff.  19. 


snr&oe  of  the  paper  tvptoecnt  a  |dane  of  rotation ;  kt  O  be  at  oQoe 
the  trace  and  tlie  projeoiion  of  the  axis  of  rotation  on  that  pHane, 
and  A  the  projection  of  a  point  in  the  rotating  piece  under  oon* 
aideration.  Then  the  motion  of  that  point  (aad  of  ita  prajeotion 
A),  takes  place  in  a  circle  of  the  radius  O  A;  and  If  A  A'  be  the 
are  described  in  a  second,  tiien 


aleOy 


A  A'  =  O  A  X  angular  vdodty ; 

e:  O  A  X  jY^  K  number  of  turns  pernocmd; 

A  A' 
angular  velodty  =  q^jt* 
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The  ■ahnYy  of  •  fficen  insUmt  of  a  point  which  mores  in  a  cmre, 
as  distxDgidBhed  from  the  are  traced  in  a  Beoond  ^  tto  P^^  iB 
ifffTcsuntgd  hgr  a  stzaight  line  eqnal  in  lengtii  to  tint  arc,  sad 
pointing  in  the  direction  in  which  the  point  is  moring  at  the  giyen 
instant;  that  is  to  say,  bdng  a  tangent  to  the  patii  of  the  point  at 
that  instantb  Therefore,  to  represent  by  a  straight  line  the  velocity 
of  the  point  now  in  qnestion  at  the  instant  when  its  projection  is 
at  A,  draw  A  a  perpendicular  to  O  A,  and  equal  in  length  to  A  A' 
(  =r  O  A  X  angular  velocity). 

50.  MMiMi  •r  m  Put  mf  m  B«iiiii^  picm.— When  what  has  just 
been  explained  is  considered  together  with  the  statement  in  Article 
47y  it  is  easily  seen,  that  if  the  centre  of  any  part  of  a  moving 
pieoe  rotating  about  a  fixed  axis  is  situated  in  that  axis,  then  the 
motion  of  that  part  is  simply  a  rotation  similar  and  equal  to  that 
of  the  whole  piece;  but  if  ihe  centre  of  the  jMurt  is  situated  at  a 
dftilanrp,  O  A,  from  that  axis,  the  motion  of  that  part  consists  of  a 
Ummwimtum  of  its  eenire,  with  the  velocity  O  A  x  the  angular 
veluuii^,  in  a  circle  described  about  the  fixed  axis  with  the  radius 
O  A^  eombimmi  wiih  a  roUUion  similar  and  equal  to  that  of  the 
whole  piece,  about  a  moving  axis  traTersing  A,  and  parallel  to  the 
feed  taoB  which  traverses  O.  Consider,  for  example,  that  rotating 
&  a  steam  engine  which.  consistB  of  the  shaft,  crank,  and 
c-pin,  and  which  turns  about  the  axis  of  the  shaft,  as  a  fixed 
of  Totationy  to  which  the  axis  of  the  cmnk-pin  is  paralleL 
Then  the  moiion  of  the  shaft  connsts  simply  in  a  rotation  about 
its  own  axis;  while  the  motion  of  the  crank-pin  consists  in  a 
tmnlation  of  its  centre,  and  of  each  point  in  its  axis,  in  a  circular 
path  ^esoribed  about  the  axis  of  tin  riiaft,  combined  with  a  rota- 
tiott  afaont  its  own  moving  axis  nmilar  and  equal  to  that  of  i^e 
shaft  Aa  aa  additional  Ulustrstion,  suppose  one  end  of  a  cord  to 
be  held  still,  and  the  other  to  be  attached  to  a  hook  which  is  fixed 
at  the  ceBtre  of  a  rotating  wheel,  and  which  therefore  rotates 
along  inth  and  as  part  of  the  wheel  The  cord  will  undergo  one 
twist  lor  each  turn  of  the  wheeL  Kow  let  the  hook  be  removed 
horn  Hie  eentie,  and  fixed  at  any  point  in  an  arm  of  the  wheel,  or 
in  its  rim;  the  oord  will  still  undergo  one  twist,  neither  more  nor 
leasy  far  each  turn  of  the  wheel ;  thus  showing,  as  before,  the  efiect 
of  the  rotation  of  the  hook  along  with  the  wheel ;  and  the  only 
difcienee  in  the  motion  will  be  that  the  end  of  the  cord  attached 
to  the  hook  will  be  carried  round  in  a  circle,  at  the  same  time  that 
tlM  whole  oavd  is  twisted.  A  secondary  piece  in  a  machine  may 
be  80  oovtrived  as  to  have  translation  in  a  circle  or  some  other 
carved  palli  without  rotation;  this  will  be  considered  in  a  later 
chapter. 

5h  Bafas  as  ••  I^cBgritai  m€  CMtmiliv  Aivflr— In  connection  with 
the  motion  of  points  in  totatiuc;  pieces,  and  with  variona  other 
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Fig.  22. 


questions  in  mecbanism,  there  is  frequent  occasion  to  measare  the 
lengths  of  circular  arcs,  and  to  lay  off  circular  arcs  of  given  lengthsL 
These  processes  may  be  performed  by  the  help  of  calculation,  and 
of  the  well-known  approximate  values  of  the  ratio  which  the 
radius  and  the  circumference  of  a  circle  bear  to  each  other,  vijb.  :— * 

circumference       710         ,         fioooioc         i 
radiua 113  '"^''^^  =  ^^^^^  "^^'^y* 

-' r =  ^tt;  nearly  =  0-159155  nearly: 

circumference      710  "^  •' 

but  it  is  often  much  more  convenient  in  practice  to  proceed  by 
drawing;  and  then  the  following  rules  are  the  most  accurate  yet 
known : — * 

I.  (Fig.  22.)  To  draw  a  straight  line  approximately  equal  to  a 

given  circular  arcj  A  B.  Draw  the  straiglit 
chord  B  A;  produce  A  to  C,  making 
A  C  =  ^  B  A;  about  C,  with  the  radius 
C  B  =  f  B  A,  draw  a  circle;  then  draw  the 
straight  line  A  D,  touching  the  given  arc 
in  A,  and  meeting  the  last-mentioned  circle 
in  D ;  A  D  will  be  the  straight  line  required. 
The  error  of  this  rule  consists  in  the  straight  line  being  a  little 
shorter  than  the  arc :  in  fractions  of  the  length  of  the  arc,  it  ia 
about  y^{f  for  an  arc  equal  in  length  to  its  own  radius;  and  it 
varies  as  the  fourth  power  of  the  angle  subtended  by  the  arc;  so 
that  it  may  be  diminished  to  any  required  extent  by  subdividing 
the  arc  to  be  measured  by  means  of  bisections.  For  example,  in 
drawing  a  straight  line  approximately  equal  to  an  arc  subtending 
60^  the  error  is  about  ^^^  of  the  length  of  the  arc;  divide  the  aro 
into  two  arcs,  each  subtending  30°;  draw  a  straight  line  approxi* 
mately  equal  to  one  of  these,  and  double  it;  the  error  will  be 

reduced  to  one-eixteenth  of  its  former  amount ; 
that  is,  to  about  xiiw  of  the  length  of  the  arc 
The  greatest  angular  extent  of  the  arcs  to 
which  the  rule  is  applied  should  be  limited 
in  each  case  acconiing  to  the  degree  of 
precision  required  in  the  drawing. 

IL  (Fig.  23.)  To  draw  a  straight  line 
approximately  equal  to  a  given  circular  are, 
A  B.  (Another  Method)  Let  C  be  the 
centre  of  the  arc.  Bisect  the  aro  A  B  in  D, 
and  the  arc  AD  in  £;  draw  the  straight 


Fig.  23. 


•  These  roles  are  extracted  from  Papers  read  to  the  BriUsh 

in  1867,  and  pablished  in  the  PkUo§ophieal  Magazine  for  September  and 
October  of  that  year. 
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Becant  C  £  F,  and  the  straight  tangent  A  F,  meeting  each  other 
in  F;  draw  the  straight  line  F  B;  then  a  straight  line  of  the 
length  A  F  +  F  B  will  he  approximatelj  equal  in  length  to  the 
arc  A  R 

The  error  of  this  rule,  in  fractions  of  the  length  of  the  arc,  is  just 
one-fourth  of  the  error  of  Hule  L,  but  in  the  contrary  direction; 
and  it  varies  as  the  fourth  power  of  the  angle  subtended  by  the  arc. 

IIL  To  lay  off"  upon  a^ven  circle  an  arc  approaimatdt/  equal  in 
length  to  a  given  s^aight  line.  In  fig.  24,  let  A  D  be  part  of  the 
circumference  of  the  given  circle,  A  one  end  of  b 
the  required  arc,  and  A  B  a  straight  line  of  the 
given  length,  drawn  so  as  to  touch  the  circle  at 
the  point  A.  In  A  B  take  A  C  =  ^  A  B,  and 
about  C,  with  the  radius  C  B  =  f  A  B,  draw  a 
circular  arc  B  D,  meeting  the  given  circle  in  D.  Fig.  24. 

A  D  will  be  the  arc  required. 

The  error  of  this  rule,  in  ^[actions  of  the  given  length,  is  the 
same  as  that  of  Rule  I.,  and  follows  the  same  law. 

lY.  (Fig.  24.)  To  draw  a  circular  aav  which  ahall  be  approxi^ 
moldy  equal  in  length  to  the  straight  line  A  B,  ahall  with  one  of  its 
tnda  touch  thai  straiglu  line  at  A,  and  shall  subtend  a  given  angle. 
In  A  B  take  A  C  =  ^  A  B;  and  about  C,  with  the  radius  C  B 
=  I  A  B,  draw  a  circle,  B  D.  Draw  the  straight  line  A  D, 
making  the  angle  B  A  D  ==  one-half  of  the  given  angle,  and  meet- 
ing the  circle  B  D  in  D.  Then  D  will  be  the  other  end  of  the 
required  arc,  which  may  be  drawn  by  well-known  rules. 

The  error  of  this  rule,  in  fractions  of  the  given  length,  is  the 
same  with  that  of  Rules  I.  and  III.,  and  follows  the  same  law. 

Y.  To  divide  a  circular  arc,  approximately,  into  any  required 
muimber  of  equal  parts.  By  Rule  I.  or  II.,  draw  a  straight  line 
approximately  equal  in  length  to  the  given  arc;  divide  that  straight 
Ime  into  the  required  numoer  of  equal  parts,  and  then  lay  off  upon 
the  given  arc,  by  Rule  IIL,  an  arc  approximately  equal  in  lei4;th 
to  one  of  the  parts  of  the  straight  line. 

Rule  y.  becomes  unnecessary  when  the  number  of  parts  is  2,  4, 
8,  or  any  other  power  of  2 ;  for  then  the  required  division  can 
be  performed  exacUy  by  plane  geometry. 

V  L  To  divide  the  tehole  circumference  of  a  circle  approoei- 
maidy  into  any  required  number  of  equal  arcs.  When  the  required 
number  of  equal  arcs  is  any  one  of  the  following  numbers,  the 
division  can  be  made  exactly  by  plane  geometry,  and  the 
present  rule  is  not  needed : — any  power  of  2;  3;  3  x  any  power  of 
2\  6]  5  X  any  power  of  2;  16;  15  x  any  power  of  2.*    In  other 

*  It  may  he  oonvenient  here  to  state  the  methodH  of  enhdividixig  arcs  and 
whole  circlee  by  plane  geometry.  (1.)  To  hUeet  any  circular  arc.  On 
the  chord  of  the  arc  m  a  Moe^  eonatmct  sny  oonvenient  iaoeoeies  ^ 
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cues  pgocwd  M  follows : — Divide  tbe  cureaoifereiiee  exacliyy  by 
pkne  geometry,  into  Back  a  nuntber  of  equal  arcs  as  maj  be  i«- 
quired  in  order  to  give  sufficient  precision  to  tlie  apprexiBiative  part 
of  the  procesa  Let  the  number  of  equal  arcs  in  that  preKminafy 
division  be  caUed  n.  Divide  one  of  them,  by  means  of  Role  V., 
into  the  reqnized  number  of  equal  parts;  n  times  on*  af  thoae 
parts  will  be  cue  of  the  reqtured  equal  arcs  into  which  the  wiM>le 
circumfereace  is  to  be  divided. 

Bules  L,  III.,  and  Y.,  are  applicable  to  ares  of  other  carves 
besides  the  circle,  provided  the  changes  (^  curvature  in  such  arcs 
are  small  and  gradual 

In  fig.  19,  page  26  (where  O,  as  already  explained,  is  sst  onee  the 
projection  and  the  trace  of  a  fixed  axis  of  rotation  on  a  plane 
perpendicular  to  it,  and  A  the  projection  of  a  point  in  the  roteting 
piece),  let  B  be  the  projection  of  another  point  in  the  rotating  piece, 
and  A  B  the  projection  of  the  straight  Hue  connecting  thoes  two 
points.  The  point  B  describes  a  circle  of  the  radius  O  B  about  tiie 
fixed  axis;  and  the  radii  O  A  and  O  B  sweep  round  with  the 
angular  Telocity  common  to  all  parts  of  the  rotating  piece^  so  that 
by  the  time  that  A  has  moved  to  the  position  A',  B  has  noved  to 
the  position  B,  such  that  the  angles  A  O  A'  and  BOB  axe  eqoaL 
In  order  to  determine  the  motion  of  one  of  those  moving  points 
(as  A)  relatively  to  the  other  (as  B),  it  is  to  be  omsiderod  that, 
owing  to  the  rigidity  of  the  body,  the  length  of  A  B  is  invariabfev 
and  that  the  change  of  direction  of  that  line  (se  projected  on  the 
plane  of  rotation),  consists  in  turning  in  a  given  time  thifNigii  an 
angle  equal  to  that  through  which  the  whole  piece  turns.  In  §g, 
20,  tske  B  to  represent  at  once  the  trace  and  the  projection,  on  a 
plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and  traversing 
the  point  R  Draw  B  A  in  fig.  20  parsUel  and  equal  to  B  A  in 
fig  19;  and  B  A  in  fig  20  panllel  and  equal  to  B  A'  in  fig.  19. 
l^en  A  and  A'  in  fig.  20  represent  two  successive  positionB  of  A 

with  the  sommit  jmiatuig  awwf  from,  the  centie  of  the  arc;  a  stniflht  lioe 
from  the  centre  ox  the  arc  to  toat  sunimit  will  bisect  the  arc.     (2.)  to  mark 

the  mxih  part  of  the  dreum/erence  of  a  drde.  Lay  off 
a  chord  equal  to  the  Tadies.  (3.)  To  mark  the  teM 
part  of  the  drcnu^ennet  ^f  a  drde.  In  fig.  24a, 
draw  the  atnight  line  A  B  =  the  laduia  of  the  dtde; 
and  permadictdar  to  A  B,  draw  B  C  »  (  A  &  Joiil 
A  C,  and  from  itcntoffCDsCB  AD  will  be  the 
diord  of  one-tenth  part  of  the  ciicmnference  of  tiie 
FlfrM^  drde.    (4)  ^orOe^f/teeiU^  jMcr^  takethe  difleranoe 

between  one-eixth  and  ane*tBiith.  It  may  be  added, 
that  Gauss  discovered  a  method  of  dividing  the  drcnnifereiioe  of  a  circle  by 
^eometsy  ezaotiy,  when  the  noaaber  of  eqnl  parte  ia  any  prime  aoadMr  that 
laeqnaltol  +  a  power  of  2;  anch  sa  I  +3*ssl7;  1  4- 2*  s2ff7,  |k&;  bet 
the  method  ia  teo  laborieaa  te  use  in  '^•"g"™^  aediaBisnL 
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rektiy^j  to  the  axis  tiavwaiiig  B,  at  the  b^hmmg  and  end 
respectiyely  of  the  interval  of  time  in  which  the  rotating  piece 
tanM  thxoog^  the  ang^  ADA'  (fig;  19)  =»  A  B  A  (fig.  20>  The 
tcanalatioa  a£  A  reJatmlj  to  thja  new  aads  cooaifltB  in  reyolutioii 
in  a  drde  of  the  radiaa  B  A,  in  the  same  diiectioa  with,  the  rotft- 
tion  (thai  ii,  in  the  praaent  example^  right-handed);  and  the 
Teldcit J  of  that  lelatiye  translation  ia  B  A  x  the  angnW  yelocitj 
of  rotation.  Fig.  21  showa  how,  hy  a  similar  oonstmction,  tlw 
motion  of  B  relatiydj  to  an  axis  tcaTersing  A  is  repreawited. 
Take  A  in  fig>  21  to  rq>ie8ent  at  once  the  trace  and  the  prqjec* 
tion,  on  a  plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and 
trayerBiDg  A.  Draw  A  B  and  A  B'  in  fig.  21  parallel  and  eqoal 
respectiTely  to  A  B  and  A  Bf  in  fig.  19.  Then  B  and  B'  in  fig; 
21  xepresent  two  snooessiye  positions  of  B  relatiyely  te  tite  axis 
tzBTeraing  A,  at  the  beginning  and  end  respectiyely  of  the  interval 
of  time  ia  whieh  the  rotating  piece  tarns  through  the  an^e  A  Q  A' 
(fig.  19)  =  B  A  B  (fig.  21);  the  tmnshition  of  B  rdatiyely  to  this 
new  aods  eonsnts  in  TemAatimm  m  a  eirde  of  tbe  radins  A  B,  in 
the  mme  diiectioa  with  the  rotation  (that  is,  in  the  present  ex- 
ample,  right-handed);  and  the  yelocity  of  that  relative  traaflJation 
is  A  B  X  the  angohir  velocity,  and  is  at  each  instant  eqaal,  parallel, 
and  eontnry  to  the  velocity  of  translation  of  A  relatively  to  B^ 
agreeably  to  the  general  principle  stated  at  the  end  of  Article  42^ 
pi«B2L 

53.  Cmmrmrmtiwm  BttJgM  mf-  Wmkum  te  m  Wlmmtimg  Flees. — In  fig; 
19,  page  26,  as  before,  let  A  and  B  be  the  projections  at  a  given 
instant,  on  a  plane  of  rotationi  of  two  points  whose  motions  are  to 
be  compared.  The  directions  of  motion  of  those  points  at  that 
instant  are  represented  by  the  straight  lines  A  a,  B  6,  tangents  to 
the  circles  in  which  the  points  revolve  about  the  axis  O;  and  the 
directional  relation  of  the  points  is  expressed  by  the  fact,  that  the 
angle  between  those  directions  of  motion  is  equal  to  the  angle 
A  O  B,  between  the  perpendiculars  let  fall  from  the  two  points  on 
the  axis  0;  or,  in  other  words,  the  angle  between  the  planes 
traversing  that  axis  and  the  two  points  respectively;  of  which 
pkaes  O  A  and  O  B  are  the  traces  upon  the  plane  of  rotation ;  for 
the  direetkiBs  of  moti<m,  A  «^  B  6,  are  respectively  perpendicular 
to  tiMse  two  plaaea 

The  vdoeUy'Taiio  of  the  two  points  is  equal  to  the  ratio  O  B :  O  A 
borne  to  each  other  by  the  radii  of  their  circular  paths.  In  other 
words,  if  A  a  SB  A  A'  be  taken,  as  before,  to  represent  the  velocity 
of  A,  and  B  6  =  B  B'  to  represent  the  velocity  of  B,  then 

0A:0B::Aa:B6; 

and  if  the  vdocities  of  any  nnmber  of  pmnts  in  a  rotating  piece 
ave  oompaied  together,  they  are  all  proportional  respectively  to 
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the   perpendicular   distances  of  those   points  from  the  axis   of 
rotation. 

It  is  obvious  that  all  points  in  a  circular  cylindrical  sorfikoe 
described  about  the  axis  of  rotation  have  equal  velocitiea  The  dotted 
circles  in  fig.  19,  page  26,  represent  the  traces  of  two  such  surfiikoe& 

The  relative  motions  of  any  two  P^irs  of  points  in  a  rotating 
piece  may  be  compared  together.  For  example,  let  it  be  pro* 
posed  to  compare  the  motion  of  A  relatively  to  B  with  the  motion  of 
B  relatively  to  O.  Then,  because  the  velocity  of  the  motion  of  A 
relatively  to  B  is  proportional  to  B  A,  and  its  direction  perpen- 
dicular to  the  plane  whose  trace  is  B  A,  while  the  velocity  of  the 
motion  of  B  relatively  to  O  is  proportional  to  O  B,  and  ita 
direction  perpendicular  to  the  plane  of  which  O  B  is  the  trace,  tlie 
directional  relation  is  expressed  by  the  angle  made  by  those  planes 
with  each  other,  and  the  velocity-ratio  by  the  ratio  B  A  :  O  B 
borne  to  each  other  by  the  projections  on  the  plane  of  rotatioD  of 
the  two  lines  of  connection  of  the  two  pairs  of  points. 

54.  IMiUlTe  aad  C«HpwnUlTe  Tnuulaiimi  •£  m  Pair  m€  BlsUDj 

Cmmmmetmd  P«iBia«— The  following  proposition  is  applicable  to  all 
motions  whatsoever  of  a  pair  of  points  so  connected  that  the 
distance  between  them  is  invariable.  It  forms  the  basis  of  neaiij 
the  whole  theory  of  combinations  in  mechanism,  and  many  of  its 
consequences  will  be  explained  in  the  ensuing  chapters  of  this 
Fart  At  present  it  is  introduced  with  a  view  to  its  application 
to  pairs  of  points  in  a  rotating  piece. 


Fig.  25.  Fig.  26. 

Theobeil — IfUDopoinUart  $o  ccmMcied  that  tlieir  diaiance  apart 
18  invariablef  the  oomponenta  of  their  vdocUiea  along  the  straight  line 
tohich  tra/vereee  them  both  must  be  equal;  for  if  those  component 
velocities  are  unequal^  the  distance  between  the  points  most 
necessarily  change. 

The  stmight  line  which  traverses  the  points  is  called  their  Line 
qf  Connection. 

For  example,  in  fig.  25,  let  A  and  B  represent  two  points  in  the 
plane  of  the  paper,  whose  distanoe  apart^  A  B,  is  invariable.  At  a 
given  instant  let  the  velocities  of  Aiose  points  be  represented  by 
straight  lines,  which  may  be  in  the  same  plane,  or  in  different  planes^ 
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according  to  circunistances;  and  let  A  a  and  B&  be  the  projections 
of  those  linea  From  a  and  b  let  &11  a  c  and  h  c'  perpendicular  to 
the  line  of  connection,  A  B ;  these  will  be  the  traces  of  two  planes 
perpendicular  to  the  line  of  connection,  and  tiaversing  respectively 
the  points  of  which  a  and  h  are  the  projections;  the  parts  Ac  and 
B  c\  cut  off  by  those  planes  from  the  line  of  connection  (produced 
where  necessary ),  will  be  the  components  along  that  line  of  the 
velocities  of  A  and  B  respectively;  and  those  components  must 
necessarily  be  equal — that  is,  B  c'  =  Ac.  The  component  velo- 
cities transverse  to  the  line  of  connection  are  represented  by  the 
lines  whose  projections  are  c  a  and  c'  b,  and  may  bear  to  each  other 
any  proportion  whatsoever. 

The  same  principle  is  illustrated  in  fig.  19,  page  26.  In  that 
fi^irc  A  a  and  B  b  represent  the  velocities  of  two  points,  A  and 
B,  whose  line  of  connection  is  A  B,  and  is  of  invariable  length ; 
ac  and  be'  are  perpendiculars  let  flail  from  a  and  &  upon  AB, 
prodnood  where  necessazy;  and  Ac  and  Be'  represent  the  com- 
ponent velocities  of  A  and  B  along  the  line  of  connection^  which 
are  equal  to  each  other. 

KuLK — Given  (in  Jig,  25),  a  pair  of  rigidly  oonneded  points,  A 
and  B,  and  the  directions  cf  the  projections  A  a  and  B  b  upon  a 
pfane  traversing  A  B,  q/*  their  vdocities  at  a  given  instant,  to  find 
tiie  ratio  of  those  projections  or  component  velocities  to  each  ciher.  In 
t^  26,  draw  O  c  of  any  convenient  length  parallel  to  A  B,  and  ach 
jierpendicular  to  it;  through  O  draw  O  a  in  fig.  26  parallel  to 
A  a  in  fig.  25,  and  O  6  in  fig.  26  parallel  to  B  6  in  fig.  25;  then 
the  required  ratio  is 

B6        O^ 

Aa  "^  Oa 

ho.  C»wpwn«i«  •r  Telocity  of  m  P^tat  !■  m  B«MUiag  Piece-^ 

Prtf  diifi  HMinu    {A.  M.,  380.) — The  component  parallel  to  aa 

axis  of  rotation,  of  the  velocity  of  a  point 

in  a  rotating  body  relatively  to  that  axis, 

Li  nothing.     That  velocity  may  bo  resolved 

into  rectangular  components  parallel  to  the 

plane  of  rotation.     Thus  let  O  in  fig.  27 

represent  the  projection  and  trace  of  the 

axis  of  rotation  of  a  body  whose  plane  of 

rotation  is  that  of  the  figure;  and  let  A  be 

the  projection  of  a  point  in  the  body,  the 

radius  of  whose  circular  path  is  O  A.    The 

velocity  of  that  point  being  =  O  A  x  angular  velocity,  let  it  be 

represented  by  the  straight  line  AY  perpendicular  to  O  A.     Let 

B  A  be  any  direction  in  the  plane  of  rotation  parallel  to  which  it 

is  desired  to  find  the  component  of  the  velocity  of  A.    From  V 
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jointly.  HencCi  let  a  and  a'  denote  the  angular  velocities  of  two 
rotating  pieces,  or  a  pair  of  numbers  proportional  to  those  angular 
velocities;  r  and  f*',  the  perpendicular  distances  of  a  pair  of  points 
in  those  two  pieces  from  their  respective  axes,  or  a  pair  of  numbers 
proportional  to  those  distances ;  and  v  and  v' ,  the  respective  velocities 
of  those  two  points,  or  a  pair  of  numbers  proportional  to  those 
velocities;  then  the  velocity-ratio  of  the  points  is, 

t;  "  ar' 
In  order  that  a  pair  of  points  in  a  pair  of  rotating  pieces  may  have 

equal  velocities — that  is,  in  order  that  —  may  be  =  1,  we  must 

make  the  radii  inversely  proportional  to  the  angular  velocities — 

f^     (I 
that  is,  a  V  =  a  r,  or  -  =  -,. 

r      a 

Section  IV. — Screw-like  Motion  qf  Primary  Pieces. 

57.  HcUcai  mr  Screw^iike  n«iiM  {A.  if.,  382,)  is  compounded 
of  rotation  about  a  fixed  axis,  and  of  trandation  along  that  axis : 
the  advance  (as  the  translation  in  a  given  time  is  called)  bearing  a 
constant  proportion  to  the  rotation  in  the  same  time;  in  other 
words,  the  moving  piece  advances  along  the  axis  of  rotation 
through  an  uniform  length  during  each  turn. 

The  subject  of  the  resolution  of  screw-like  motion  into  com- 
ponents in  other  and  more  complex  ways  will  be  considered  in 
the  next  chapter. 

58.  CleMnil  Flgn««rm  Screw— Pitch.    {A.  M.,  471.)— In  order 

that  a  primary  moving  piece  may  have  screw-like  motion,  itii 
figure  ought  to  be  that  of  a  true  screw;  and  it  ought  to  turn  in 
a  bearing  of  the  same  figure,  fitting  it  accurately.  The  figure 
of  a  screw  may  be  described  in  general  terms  as  consisting  of  a 
projection  of  uniform  cross-section  called  the  Uiread,  winding  in 
successive  coils  round  a  circular  cylinder.  The  best  form  of 
section  for  the  thread  of  a  screw  that  is  to  be  used  as  a  primary 
moving  piece  for  producing  helical  motion  only,  and  not  as  a 
fastening,  nor  in  "screw  gearing,"  is  rectangular.  The  forms 
suited  for  other  purposes  will  be  considered  later.  There  are  two 
sorts  of  screws,  convex,  or  external,  and  concave,  or  internal;  in 
the  former  the  thread  winds  round  the  outside  of  a  cylindrical 
•pindle;  in  the  latter  it  winds  round  the  inside  of  a  hollow  cylinder. 
When  the  word  **  screw  "  is  used  without  qualification,  an  external 
screw  is  usually  meant;  an  internal  screw  is  called  a  **nuL^^ 
When  a  primary  moving  piece  is  an  external  screw,  its  bearing  is 
an  internal  screw ;  when  the  primary  moving  piece  is  an  internal 
screw,  the  bearing  is  an  external  screw.     The  iraih  or  accuracy  of 
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figure  of  a  screw  depends  mainly  on  the  perfect  uniformity  of  the 
jAtch;  that  is  to  say,  the  distance,  measured  parallel  to  the  axis, 
from  any  point  in  one  coil  of  the  thread  to  the  corresponding 
}>oint  in  the  next  coil.  For  example,  the  pitch  of  the  screw  R  iu 
ti '^  29,  so  long  as  it  is  measured  parallel  to  the  axis,  may  be 
measured  either  from  D  to  F,  from  E  to  G,  from  F  to  H,  or  from 
G  to  K,  or  between  any  pair  of  corresponding  points  in  two 
successive  coils;  and  it  ought  to  be  exactly  the  same  wheresoever 
it  is  measured.  The  pitch  is  also  the  uniform  distance  through 
which  the  screw  advances  at  each  turn. 

59.   Kishi^Hiwdcd  mmA  l«^t-Baadtodl  SeNwa. — A  screw  is  said  to 

, be  right-handed  or  left-handed 

A. -J  according  as  right-handed  or 

left-handed  rotation  is  required 
in  order  to  make  it  advance ; 
and  this  is  a  permanent  dis- 
tinction, and  not  dependent 
on  the  position  of  the  spec- 
tator,  as  the  distinction  be- 
tween right-handed  and  left- 
handed  rotation  is  (Ai-ticle  48, 
page  25).  For  example,  in  fig. 
29,  L  is  a  lefb-handed  screw, 
and  B  a  right-handed  screw. 
Moot  screws  used  in  the  arts  are  right-handed;  left-handed  screws 
are  made  for  special  pui^poses  only. 

60.  C— ywitlve  n*ilMi  •€  m  P«faif  la  m  Screw.— The  principles 
of  the  present  Article  apply  not  only  to  any  point  in  the  thread  or 
in  the  spindle  of  a  screw,  but  to  any  point  in  a  body  that  is  rigidly 
attached  to  the  screw,  so  as  to  move  along  with  the  screw  as  one 
piece ;  such  as  a  wheel  or  a  lever  fixed  to  and  turning  with  the 
screw.  In  Gg,  29,  let  A  £  be  the  axis  of  the  screw,  and  C  a  point 
ngidly  attached  to  it  at  the  perpendicular  distance  C  A  from  the 
axis.  Then,  while  the  screw  makes  one  turn  the  motion  of  the 
point  0  is  the  resultant  of  two  components  at  right  angles  to  each 
other:  itn  advance,  along  with  the  whole  screw,  in  a  direction 
f  larallel  to  the  axis,  through  a  distance  equal  to  the  pitch  of  the  screw ; 
and  a  revolutionj  round  a  cirele  described  about  the  axis  with  tlio 
radius  A  C,  and  having,  therefore,  the  cireumference  6*2832  A  0. 
In  most  questions  of  comparative  motion  connected  with  screws, 
the  quantity  of  most  importance  is  the  velocity-ratio  of  those  two 
components  of  the  motion  of  a  given  point,  and  it  is  expressed  as 
follows : — 

velocity  of  revolution  _  circumference  _  6*2832  A  C 
velocity  of  advance    ""  pitch  D  F 


Fig.  20. 
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pomt  m,  or  rigidly  attached  to,  a  screw,  tmees  a  path  which  may 
he  called  a  screw-shaped  line  or  lifimr  screw.  By  mathematiciaiis 
it  is  called  a  hdix,  A  helix  winds  round  in  saooeas]  ve  similar  coils 
upon  a  cylindrical  anrfiboe  desciihed  about  the  axis  of  rotation  with 
s  radins  equal  to  the  perpendicular  distance  of  the  tracing  point 
from  the  axis.  The  distance,  measured  parallel  to  the  axis,  between 
any  two  successive  coils  is  eyeiywhere  the  same,. and  is  identical 
with  the  pUdi  of  the  screw;  and  the  angle  of  inclination  of  the 
Ifnear  screw  to  the  axis  is  everywhere  the  same. 

Points  in,  or  rigidly  attached  to,  a  screw,  at  equal  distances  itoui 
the  axis,  trace  by  their  motion  equal  and  similar  linear  screws  on 
one  and  the  same  cylindrical  surface.  Points  at  unequal  distances 
from  the  axis  trace  different  linear  screws,  inclined  to  the  axis  at 
different  angles,  and  situated  on  cylindrical  surfaces  of  unequal 
radii ;  but  the  pUch  of  all  those  linear  screws  is  the  same.  All  the 
edges,  whether  projecting  or  re-entering,  of  a  screw-thread  are 
linear  screws. 

A  linear  screw  may  be  traced  on  a  cylindrical  surface  by  any 
mechanical  contrivance  which  ensures  Uiat,  while  the  cyUnder 
rotates,  the  tracing  point  shall  advance  along  a  line  parallel  to  the 
axis  at  a  rate  bearing  a  constant  proportion  to  the  rate  of  rotation. 
This  will  be  further  considered  in  that  part  of  this  treatise  whidi 
relates  to  the  construction  of  machinery. 

A  linear  screw  is  the  shortest  line  on  the  sur&ce  of  a  cylinder 
between  two  points  that  are  neither  in  one  plane  traversing  the 
axis  nor  in  one  plane  perpendicular  to  the  axis;  and  a  cord  or  a 
flexible  wire  stretched  <m  a  cylindrical  surface  between  two  such 
points  tends  to  assume  of  itself  the  figure  of  a  linear  screw. 

62.  rwjccil—  m€  a  Ki«wir  Scrcw.— The  most  useful  projection 
of  a  linear  screw  is  that  upon  a  plane  traversing  the  axis,  and  is 
drawn  as  follows : — ^In  fig.  30,  let  A  B  represent  the  axis  of  the  screw. 
Draw  D  A  0  perpendicular  to  A  B,  making  A  C  =  A  D  s=  the 
radius  of  the  cylindrical  surface  in  which  the  helix  is  to  be  situated. 
Draw  D  I  and  C  F  parallel  to  A  B;  those  two  lines  will  be  the 
tracts  of  the  cylindrical  surface.  About  A,  with  the  radius  A  C, 
draw  the  semicii'cle  C  K  D;  this  represents  the  ttace  of  one-half 
of  the  cylindrical  surface  on  a  plane  i^erpendicular  to  its  axis, 
**  rabatted  "  upon  the  plane  of  projection.  Divide  the  semicircle 
into  any  convenient  number  of  equal  arcs  (Article  51,  page  27); 
the  greater  the  number  of  those  divisions,  the  greater  will  be  the 
accumcy  of  the  projection.  In  fig.  29  the  semicircle  is  divided  into 
six  equal  arcs  only;  in  practice  a  greater  number  will  in  general  bo 
required. 

On  C  F,  or  any  other  line  parallel  to  the  axis,  lay  off  C  E  =  tbo 
intended  pitch  of  the  screw^  and  divide  it  into  ttoiee  as  many 
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SO 


c^ml    parte    aa    there    ore    equal   divisions   in    the   «eBiionele 
CKD. 
Through  the  pointe  of  division  of  the  semicircle  draw  stca^ht 
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-which  can  then  be  drawn  through  those  points.  This  is  the  pro* 
jection  of  one  coil ;  and  as  many  successive  coils  as  may  be  required 
may  be  projected  by  simply  repeating  the  same  curve.  In  fig.  30 
the  projection,  E  H  M  F,  of  a  :^cond  coil  is  shown;  and  it  has 
been  constructed  by  laying  off  an  uniform  distance  parallel  to  the 
axis  and  equal  to  the  pitch  from  each  projected  point  of  the  first 
coil ;  for  example,  G  H,  L  M,  E  F. 

The  half  coils  on  the  nearer  aide  of  the  cylinder,  viz.,  G  L  E 
and  H  M  F,  are  drawn  in  thicker  lines  than  the  half  coils,  C  G, 
E  H,  on  the  farther  side  of  the  cylinder.  The  screw  is  right- 
handed.  Had  it  been  left-handed,  C  G  and  E  H  would  have  been 
on  the  nearer  side,  and  G  E  and  H  F  on  the  farther  side  of  the 
cylinder. 

63.  I^evetepaieBf  •€  a  I^lncar  Screw. — The  development  of  any 
figure  drawn  on  a  curved  surface  consists  in  supposing  the  surface 
to  be  a  flexible  sheet,  and  drawing  the  appearance  which  the  figui-e 
would  present  if  that  sheet  were  spread  out  flat  on  a  plane.  Borne 
curved  surfaces  only  are  capable  of  being  developed,  such  as  a 
cylinder,  and  a  cone ;  others,  such  as  a  sphere,  are  not.  To  draw 
the  development  of  the  cylindrical  surface  in  fig.  30,  as  bounded  by 
the  two  circles  whose  projections  are  C  D  and  F  I,  draw  C  c  i^er- 
pendicular  to  A  B,  and  equal  in  length  to  the  circumference  of  the 
cylinder  (see  Article  51,  page  27),  and  complete  the  rectangular 
parallelogram  C  c/F;  this  will  be  the  required  development  of  the 
cylindrical  surface. 

To  draw  the  development  of  one  coil,  C  G  E,  of  the  linear  screw, 
take  ce  =  the  pitch  C  E;  draw  the  straight  line  Ce;  this  will  be 
the  required  development.  To  draw  the  development  of  the 
second  coil,  E  H  F,  take  e/  =  the  pitch,  and  draw  the  straight 
lino  E^;  and  so  on  for  any  required  number  of  coils. 

The  uniform  angle  of  inclination  of  the  linear  screw  to  the  axis 
isECfl  =  FE/. 

One  method  of  drawing  a  screw  on  a  cylindrical  surface  is  first 
to  draw  its  development  on  a  sheet  of  some  flexible  substance,  and 
then  to  roll  that  sheet  round  a  cylinder  of  the  proper  radius. 

The  several  points  in  the  development  marked  with  small  letters 
are  the  respective  developments  of  the  jwints  marked  with  the 
corresponding  capital  letters  in  the  projection. 

To  draw  the  develoiiraeut  of  the  series  of  lines  parallel  to  the 
axis  which  pass  through  the  points  of  division  of  the  circumference, 
divide  C  c  into  twice  as  many  equal  parts  as  the  semicircle  C  D 
is  divided  into,  and  draw  straight  lines  |)ai*allcl  to  C  F  through  the 
points  of  division,  such  as  d  t,  q  w,  ko. 

The  length  of  one  coil  oftfie  screw  is 

Qe  =  J  (circumference *  +  pitch '). 
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64.  The  wuMmm  •€  CarvBtara  of  a  linear  screw  is  found  by  the 
foUowiDg  oonstmction : — In  fig.  31,  let  A  C  be  the  radius  j,^ 
of  the  cylindrical  snrface  in  which  the  screw  is  situated. 
Draw  A  Y,  making  the  angle  CAY  equal  to  the  angle 
which  the  screw  makes  with  a  plane  perpendicular  to  its 
axis.  Dmw  C  Y  perpendicular  to  A  C,  cutting  A  Y  in 
Y,  and  Y  Z  perpendicular  to  A  Y,  cutting  A  C  produced 
in  Z.  A  Z  will  be  the  required  radius  of  curvature.  Its 
length  may  also  be  found  by  calculation,  as  follows : — 


AZ  =  AC(l+    .     P'f      \ 

\         circumference  V 


G5.  iv«rauil  Piick.  (il.  i/.,472.) — By  the  Tiormal  pUcJh  Fig.  31. 
of  a  linear  screw  is  to  be  understood  the  distance  from 
one  coil  to  the  next,  measured,  not  parallel  to  the  axis,  but  along 
the  shortest  line  on  the  cylindrical  surface  between  the  two  coils ; 
that  is  to  say,  along  another  helix  or  linear  screw  which  cut»  all 
the  coils  of  the  original  linear  screw  at  right  angles.  The  normal 
pitch  is  to  be  determined  from  the  development  of  the  screw,  as 
foUows : — In  fig.  30,  from  c let  fall  c n  perpendicular  to  C  e;  en  will 
be  the  normal  pitch.  The  straight  line  c  n  is  part  of  the  develop- 
ment of  the  nornud  hdix,  as  it  may  be  called.  When  produced^  it 
cuts  £/,  the  development  of  the  next  coil,  in  o,  and  no  =  en  is  also 
the  normal  pitch.  By  finding  the  intersections,  such  as  p,  of  the 
development  of  the  normal  helix  with  the  series  of  straight  lines 
parallel  to  the  axis,  any  number  of  points,  such  as  P,  in  the  pro- 
jection of  the  normal  helix,  C  N  O  P,  may  be  found  if  required. 
The  normal  pitch  may  be  calculated  by  the  following  formula : — 

—  _  ^c   ce  ^  circumference  x  pitch 
"      Ce     ""       length  of  one  coil 

The  pitch  of  the  normal  hdix,  if  required,  may  be  found  by  pro- 

dacing  c  p  in  fig  30  till  it  cuts  C  F  produced,  and  measuring  the 

distance  of  the  point  of  intersection  from  C;  and  then  its  radius 

cf  curvature  may  be  found  by  a  construction  like  that  in  ^g,  31  ; 

hut  in  general  it  is  more  convenient  to  find  these  quantities  by 

calculation,  as  follows : — 

.^  ,     ^  111.  circumference^ 

pitch  of  normal  helix  =  -r— i — ^ — ;-: — ,  ,   ..- 

pitch  of  original  helix 

ndius  of  curvature  of  normal  helix  =  A  C  •  f  1  +  -7--^ — ■=, — : — ,   ,.  A . 

\      pitch  of  ong.  helixV 

The  sum  of  the  reciprocals  of  the  radii  of  curvature  of  the 
original  helix  and  the  normal  helix  is  equal  to  the  reciprocal  of 

the  radius  of  the  cylinder ;  that  is,  to  .  p» 
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The  pitch  of  a  screw  as  measured  pandkl  to  the  axis  may  be 
called  ijie  aadal  pitch,  in  order  to  distinguish  it  from  the  normal 
pitch ;  but  when  the  word  *'  pitch  "  is  used  without  qualification, 
axial  pitch  is  always  to  be  understood. 

The  several  linear  screws  which  exist  in  the  figure  of  an  actual 
solid  screw,  or  which  are  described  by  points  in  it  or  rigidly 
attached  to  it,  have  all  the  same  axial  pitch;  but  they  have  not 
the  same  normal  pitch  except  when  they  are  situated  on  the  same 
cylindrical  sur&ce. 

G6.  Diridcd  Piich.---A  screw  sometimes  has  more  than  one 
thread,  in  which  case  the  distance  between  any  coil  of  any  one 
thread  and  the  next  coil  of  the  same  thread  is  divided  by  the  other 
threads  into  as  many  parts  as  the  total  number  of  threads.  In 
that  case  the  distance  from  a  point  in  one  thread  to  the  correspond- 
ing point  in  the  next  thread  may  be  called  the  divided  pitch,  to  dis- 
tinguish it  from  the  distance  between  two  successive  coils  of  the  same 
thread,  or  pitch  proper,  which  may,  when  required,  be  designated 
as  the  total  pitch.  The  advance  of  the  screw  at  each  revolution 
depends  on  the  total  pitch  only,  in  the  manner  already  explained, 
and  is  wholly  independent  of  the  number  of  threads  and  of  the 
divided  pitch;  so  that  division  of  the  pitch  does  not  affect  the 
motion  of  a  screw  as  a  primary  piece.  Its  use  in  combinations  of 
pieces  will  be  afterwards  explained. 

Division  of  the  pitch  of  a  linear  screw  is  illustrated  in  ^g.  30, 
where  two  additional  linear  screw  threads,  marked  by  dotted  lines, 
are  shown  dividing  the  pitch  of  the  original  screw  into  three  equal 
parts:  To  avoid  confusion,  one  only  of  the  additional  screw-lines 
is  lettered,  viz.,  that  marked  QRSTUVW  in  the  x>rojection, 
and  qr,  IXstu,  JJ vw,  in  the  development  The  other  is  un- 
lettered. The  divided  axial  pitcli  is  C  R  =  ^  C  £,  and  the  divided 
normal  pitch  c a;  =  ^  en. 

The  several  linear  screw  threads  in  a  case  of  this  kind  are  all 
parallel  and  similar  to  each  other;  and  in  the  development  they  are 
rcj^resented  by  parallel  straight  lines.  They  divide  the  circum- 
ference into  as  many  equal  parts  as  there  are  threads;  and  the 
length  of  one  of  tbone  parts  may  be  called  the  circtdar  or 
circumferential  pitch.  In  fig.  30,  the  circular  pitch  is  represented 
by  the  arc  C  Q',  and  by  its  development  c  g. 
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67.  «€Mm  ffiteiniin.  (A.  M.,  383, 384, 503.>— Di  die 
cliajtter  tiie  gimend  jniiiciples  foAj  of  the  motions  of  fleoondaiy 
nio^Dg  pteoea  in  machines  can  be  given,  many  of  Uieir  most 
important  applications  being  reserved  for  that  chapter  whidi  vill 
treait  of  *^  A^regate  GombinAtions  in  Mechanigm,"  and  some  for 
the  chapter  on  "  Elementaiy  Combinations^"  Hie  mechanism  for 
prodncing  the  motions  of  seoondaiy  moving  pieces  belongs  vhoUj 
to  those  later  ch&ptera. 

Secondaiy  moving  pieces  have  already  been  defined  (in  Article 
37,  page  17)  as  those  which  aie  carried  by  other  moving  pieces, 
or  which  have  their  motions  not  wholly  guided  by  their  con- 
iiection  with  the  frame.  Their  motions,  therefore,  are  not 
restricted,  like  those  of  primary  pieces,  to  translation  in  a  straight 
line,  rotation  abont  a  fixed  axis,  and  that  combination  of  those 
two  motions  which  constitutes  the  motion  of  a  screw  with  a  fixed 
axi< :  they  oomprehend  translations  along  carved  lines  of  various 
iicrures,  rotations  about  shifting  axes,  and  various  combinations  c^ 
translations  and  rotations.  The  paths  of  points,  too,  in  secondary 
pieces  aie  not  iCbtricted  to  three  fonns — ^the  sti:aight  line,  the  circle, 
r.ud  the  helix;  they  oomprdiend  a  great  variety  of  carved  lines, 
lyith  plane  and  of  doable  carvatare.  The  comparative  motions 
of  any  two  points  in  a  primaiy  piece  are  constant.  The  com- 
|»arative  motions  of  two  points  in  a  secondary  piece  vciy  oflea 
y-wcf  from  instant  to  instant  as  the  piece  changes  its  position. 

In  many  cai«es  the  motions  of  secondary  pieces  are  partially 
piided  or  restricted.  For  example,  a  secondary  piece  may  be 
ho  guided  that  all  its  movements  take  place  parallel  to  a  fixed 
[•lane;  in  which  case  its  motions  are  i^estricted  to  translations 
parallel  to  the  fixed  plane,  and  rotations  about  axes  perpendicular 
to  it ;  and  the  paths  of  its  points  are  restricted  to  lines,  straight  or 
cur>'ed,  in  or  parallel  to  that  plane;  and  this  restricted  case  is  by 
£tr  the  most  common  in  mechanism.  Another  kind  of  restriction 
on  the  movements  of  a  secondary  piece  is  when  it  tui-ns  about  a 
ball  and  socket  joint,  or  some  equivalent  contrivance,  so  that  cue 
p«.int  at  the  centre  of  the  joint  is  kept  fixed:  in  this  case  its 
motions  are  restricted  to  rotations  about  axes  traversing  tluit 
fixed   point;   and  the  motions  of  points  in  it  are  restricted  t^ 
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carves  situated  in  spherical  surfaces  described  about  the  fixed  pointb 
Cases  in  which  the  movements  of  secondary  moving  pieces  are  not 
restricted  in  one  or  other  of  those  ways  are  comparatively  rar& 

The  geometrical  problems  relating  to  the  motions  of  secondary 
moving  pieces  may  be  divided  into  the  two  following  classes : — 

L  When  the  motions,  in  most  cases,  of  two,  and  at  furthest  of 
three,  points  in  a  secondary  moving  piece  are  given,  and  it  is 
required  to  find  the  motion  of  any  other  point  in  the  piece,  or  of 
the  piece  as  a  whole.  All  problems  of  this  class  depend  for  their 
solution  on  the  principle  of  Article  54,  page  32. 

II.  When  there  are  two  moving  pieces  or  moving  points,  C  and 
B,  the  frame  of  the  machine  being  denoted  by  A,  and  two  out  of 
the  three  motions  of  A,  B,  and  C  relatively  to  each  other  being 
given,  it  is  required  to  find  the  third  of  those  motions.  All 
problems  of  this  class  depend  for  their  solution  on  the  principle 
(already  stated  in  Article  42,  page  21)  that  the  motion  of  C  rela- 
tively to  A  is  the  resultant  of  the  motions  of  B  relatively  to  A, 
and  of  C  relatively  to  R 

68.  TvMulailM  •r  neemmdmry  BI^rlBg  Plecca.  {A.  If.,  369.) — If, 
in  a  moving  piece  whose  movements  are  not  restricted,  the  direc- 
tioDs  of  motion  of  three  points  not  in  the  same  straight  line  are 
parallel  to  each  other  and  oblique  to  the  plane  of  the  three  points ; 
or  if,  in  a  moving  piece  restricted  to  movements  parallel  to  one 
plane,  the  motions  of  two  points  are  parallel  to  each  other  and 
oblique  to  the  line  of  connection  of  the  points;  then  the  motion  of 
the  whole  piece  is  a  translation.  All  the  points  in  the  piece  describe 
equal  and  similar  paths,  straight  or  curved;  and  all,  at  a  given 
instant,  move  with  equal  velocities  in  parallel  directions.  The 
motion  of  any  pair  of  points  in  the  moving  piece  relatively  to 
each  other  is  nothing;  and  their  comparative  motion  consLits 
in  the  directional  relation  of  parallelism  and  the  velocity-ratio 
of  equality. 

To  exemplify  the  translation  of  all  the  points  of  a  moving  piece 
in  equal  and  similar  curved  paths,  we  may  take  the  case  of  a 
ooupling-rod  (fig.  32)  which  connects  together  a  pair  of  equal 
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cranks,  A  C,  B  D,  and  has  its  effective  length,  C  D,  equal  to  the 
perpendicular  distance,  A  B,  between  the  axes  of  rotation  of  the  two 
cranks.  The  motion  of  that  coupling-rod  is  one  of  translation,  in 
which  all  the  particles  describe  with  equal  speed  equal  and  similar 
circles  of  the  radius  AC  =  B  D,  in  planes  perpendicular  to  the 
axes  A  and  B.  The  same  is  the  case  with  any  particle  iigidly 
attached  to  the  coupling-rod ;  such  as  F,  which  revolves  in  a  circle 
of  the  radius  E  F  =  A  C;  so  that,  for  example,  the  points  C,  D, 
^nd  F  move  simultaneously  through  the  equal  and  similar  arcs 

oo,jy  D',  F  p. 

69.  B«flBii«v  Pamllel  to  a  Fixed  Pkuie  —  Temporarr  Axis  — 
Ian— m— —  Axis. — The  cases  next  in  order  as  to  complexity  are 
those  in  which  all  the  movements  of  the  piece  are  parallel  to  a 
fixed  plane;  and  the  following  are  the  problems  which  present 
themselves : — 

I.  Givaiy  ihe  paths  of  two  points  in  a  moving  piece,  the  distance 
hetween  their  projections  on  the  plane  of  motion,  and  two  successive 
positions  of  one  of  them,  to  find  the  temporary  axis  of  motion  of  Hie 
piece. 

In  fig.  33,  let  the  plane  of  projection  and  of  motion  be  that  of 

jL 
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the  paper,  and  let  the  partly  dotted  lines  A  A'  and  B  F  be  the 
pmjections  of  the  paths  of  the  two  points,  which  may  be  straight 
lines  or  plane  curves  of  any  figure,  subject  only  to  the  limitation 
that  the  distance  between  the  points  is  invariable.  Let  A  and  A' 
he  the  given  two  successive  positions  of  one  of  the  points.  About 
A  and  A'  respectively,  with  the  projection  of  the  line  of  connection 
SB  a  radius,  draw  circular  arcs  cutting  the  projected  path  of  the 
other  point  in  B  and  B';  these  will  be  the  projections  of  the  two 
vacoessive  positions  of  the  second  point;  and  the  straight  lines 
A  B  and  A'  F  will  be  the  projections  of  the  line  of  connection  in 
the  two  successive   positions  of  the  moving  piece.     Draw   the 
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straight  lines  A  A'  and  B  B';  bisect  them  in  C  and  D,  through 
which  points  draw  C  I  perpendicular  to  A  A'  and  D  I  perpen- 
dicular to  B  Ky  meeting  each  other  in  1.     Then,  because  A'  I  = 

A  I  and  B'  I  =  B  I,  I  repre!<«nt8 
the  same  point  in  the  two  positions 
of  the  piece;  and  therefore  I  is  the 
projection  and  the  trace  of  a  line  per- 
pendicular to  the  plane  of  motion, 
whose  position  is  the  same  after  the 
motion  of  A  to  A'  and  of  B  to  B'  that 
it  was  before.  That  line  may  be  called 
the  Temporcury  Axis  i^  Moiion  of  the 
moving  piece,  because  the  change  of 
position  of  the  piece  is  the  same  as  if 
it  had  been  turned  through  an  angle 
A  I  A'  =  B  I  B'  about  that  Jine. 

Let  E  be  the  point  of  intersection 
of  A  B  and  A  B'.  Then  the  straight 
line  E  I  bisecting  the  angle  A  E  B' 
traverses  the  temporary  axis  I;  and 
this  affords  a  means  of  finding  that  axis  when  C  I  and  D I  cut  each 
other  at  an  angle  so  oblique  as  to  make  it  difficult  to  determine 
precisely  their  point  of  intersection. 

When  B  B'  is  parallel  to  A  A,  as  in  figa  34  and  35,  C  I  and 
D I  become  parts  of  one  straight  line,  and  have  no  intersection ; 
and  then  the  point  I  is  determined  by  its  coinciding  with  E.  In 
most  cases  of  this  kind  it  is  necessary  that  the  two  successive 
positions  of  B  should  be  given  as  well  as  those  of  A 

IL  Given  (in  fig.  3G),  the  projections  A  and  B,  at  a  given  instant, 

of  two  points  in  a  moving  piece 
on  the  plane  of  motion^  and  tfie 
eimvltaneous  directions  of 'mo- 
tion of  Hiose  points^  Aa  and  Bb, 
ta  find  ike  ii^^ntaneous  axis 
qf  the  moving^^^iLnd  tiience 
to  deduce  tiie  ^t^Braiive  mo- 
tions, al  ike  given  instaitt,  qftJie 
given  points,  and  of  any  otlur 
points  in  t/ie  moving  piece. 

If  the  simultaneous  diit^c- 
tions  of  motion  of  the  given 
points  are    perpendicular    to 
their  line  of  connection,  the 
,  .     -     .^       ,  problem    requires    additional 

data  for  its  solution,  which  will  be  stated  in  Rule  IIL     If  those 
directions  are  parallel  to  each  other,  and  not  perpendicular  to  the 
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line  of  connectioii,  the  motion  of  the  piece  is  one  of  tranalAtion, 
like  that  referred  to  in  Article  68,  page  44.  The  present  rule  com- 
prehends all  cases  in  which  the  given  directions  are  not  parallel  to 
each  other. 

Through  A  and  B  draw  A I  and  B I  perpendicular  respectively 
to  A  a  and  B  6,  and  cutting  each  other  in  I.  Then  I  will  be  the 
projection  and  the  trace  on  the  plane  of  motion  of  the  required 
ui8TA2iTA£raou8  AXIS :  that  is  to  say,  of  a  line  such  that  the  motion 
uf  the  piece  at  the  instamt  in  question  is  one  of  rotation  about  that 


An  instantaneous  axis  is  so  called  because  it  is  an  imaginary 
line  which  is  continually  changing  its  position,  both  relatively  to 
the  frame  of  the  machine  and  relatively  to  the  secondary  piece 
to  which  it  belongs;  so  that  it  occupies  any  particular  position^ 
whether  relatively  to  the  frame  or  relatively  to  the  secondary 
piece,  at  a  particular  instant  only. 

The  comparative  motions  at  the  given  instant  of  points  in  the 
s<^x>ndaiy  piece  are  deduced  from  the  principle  that  the  velocities 
i»f  those  points  are  proportional  in  magnitude  and  perpendicular  in 
direction  to  the  perpendiculars  let  fall  from  the  points  upon  the 
instantaneous  axia  For  example,  let  A  a,  B5,  Gc,  Dd,  He, 
represent  the  directions  and  velocities  of  the  points  whose  projec- 
tions are  A,  B,  C,  D,  E;  then 

Aa  :Bb  :Cc:I>d:Ee 

are  respectively  proportional  and  perpendicular  to 

:  :  AI :BI :CI :DI:EL 

From  I  let  £dl  I  D  perpendicular  to  the  projection,  A  B,  of  the 
line  of  connection  of  the  given  points.  Then  all  points  whose 
projecitODfl  are  at  D  are  at  the  given  instant  in  the  act  of  moving 
panilel  to  A  B ;  and  all  points  whose  projections  are  in  A  B,  or 
in  A  6  produced,  such  as  A,  B,  and  E,  have  for  their  component 
velocities  along  A  B  velocities  equal  to  the  velocity  of  D ;  that 
is  to  say, 

Dd^  Ad'  ^  Bd"  =  Ed"'; 

a  consequeipe  which  follows  also  from  the  principle  of  Article  53, 
page  31. 

The  components  perpendicular  to  A  B  of  the  velocities  of  points 
whose  projections  are  in  that  line,  such  as  A,  B,  and  E,  are 
proportional  to  the  distances  of  those  projections  from  D;  that  is 
to  say,  if  A/,  B  g,  and  E  h  represent  those  transverse  component 
velocities,  we  have  the  proportions, 

DA:DB:DE 

::A/:Bg  :EA; 

and  tiie  points/,  A,  D,  g  are  in  one  straight  line. 
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Hence,  when  A  I  and  B  I  form  an  angle  with  each  other  so 
oblique  as  to  make  it  difficult  to  determine  preciselj  their  point  of 
intersection,  we  may  proceed  as  follows  to  increase  the  precision  of 
that  determination : — Lay  off  any  convenient  equal  distances,  A  d' 
=  Bd",  along  AB  from  A  and  B  respectively,  to  represent  the 
longitudinal  component  of  their  velocities.  Then  complete  the 
rectangular  parallelograms  Ad' a/,  Bd''bg;  draw  the  straight 
line  /g,  cutting  A  B  in  D.  Then  from  D  perpendicular  to  A  B 
draw  D  I ;  this  line  will  traverse  the  instantaneous  aids,  and  will 
increase  the  precision  with  which  it  is  determined. 

This  last  way  of  considering  the  motion  of  the  piece  is  equivalent 
to  regarding  that  motion  as  compounded  of  a  rotation  about  an  axis 
at  D  and  a  translation  of  that  axis,  and  of  the  whole  body  along 
with  it,  with  the  velocity  represented  by  D  d 

III.  Given  (in  fig.  37  or  fig.  38),  the  projections  A  and  B,  al  a 
given  instant^  of  two  points  in  a  moving  piece  on  the  plane  qfmoUon, 
and  the  ratio  of  their  vdocitiea,  whicli  are  both  perpendicular  to  As 


Fig.  37.  Fig.  3a 

projeetionf  A  B,  o/tlieir  line  of  connection,  to  find  the  instantaneous 
axis  ^  motion  of  the  piece.  Perpendicular  to  A  B  draw  the  etntight 
lines  A  a,  B  5,  bearing  to  each  other  the  given  proportion  of  the 
velocities  of  the  two  points:  draw  the  straight  line  a  b;  the  point 
of  intersection,  I,  of  A  B  and  ab  (produced  if  necessary)  will  be 
the  projection  and  trace  on  the  plane  of  motion  of  the  required 
instantaneous  axia 

That  axis  may  then  be  used  as  in  the  preceding  Rule  to  determine 
the  comparative  motions  of  any  set  of  points  in  the  moving  piece. 

70.  B«uiii«B  aboat  a  Fixed  P«tet. — Every  possible  motion  of 
a  rigid  body  relatively  to  a  point  in  the  body  is  reducible  to 
rotation  about  an  axis,  permanent,  tem|)orary,  or  instantaneous, 
as  the  case  may  be,  which  traverses  that  point  This  is  proved 
by  showing  that  ^e  following  problem  is  always  capable  of 
solution : — 

I.  GiveUy  ai  any  inetaniy  the  directions  of  motion  of  any  two 
points,  B,  C  (fig.  39),  in  a  rigid  body  relatively  to  a  point.  A,  in  tk$ 
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hody,  to  find  the  instuitajieoxiB  axis  of  the  motion  of  the  whole  body 
rdalicdy  to  A^  In  the  first  place,  it  is  to  be  observed  that  when 
the  motions  of  three  points  in  a  rigid  body  are  determined,  the 


Fig.  40. 


Fig.  39. 

motion  of  the  whole  body  is  determined ;  for  the  distances  of  any 
fourth  point  in  the  body  from  those  three  points  being  invariable, 
the  position  of  that  fourth  point  at  eveiy  imitant  is  completely 
determined  by  the  positions  of  the  three  points. 

In  order  that  the  solution  may  be  put  in  the  simplest  possible 
form,  let  the  plane  of  the  three  points  themselves,  or  a  plane 
patallel  to  it^  be  taken  for  one  plane  of  projection;  and  in  fig.  39 
let  A,  B,  C  be  the  projections  of  the  three  points  on  that  jdana 
For  a  second  pUne  of  projection,  take  a  plane  perpendicular  to  the 
fint  i^ane,  and  traversing  B  C,  and  let  A',  B',  and  C'  (which  are 
in  one  straight  line)  be  the  projections  of  the  three  points  on  that 
second  plane;  so  that  B'  C  is  parallel  to  B  C,  and  A  A',  B  B',  and 
C  C  are  perpendicular  to  B  C. 

Because  the  instantaneous  axis  must  traverse  A,  it  is  obvious 
that  A  B  and  A  C  are  the  traces  on  the  first  plane  of  projection  of 
two  planes  traversing  the  instantaneous  axis  and  the  points  B  and 
C  respectively ;  and  also,  that  if  B  6  and  C  e  are  the  projections 
on  the  first  plane  of  projection  of  the  directions  of  motion  of  B 
and  C  at  the  given  instant^  those  projections  must  be  pcrpendicidar 
to  A  B  and  AC.  Let  B b'  and  Clc'  represent  the  projections  of 
the  directions  of  motion  of  B  and  C  on  the  second  plane  of 
mnection.  Draw  B  I'  and  C  V  perpendicular  respectively  to 
D  o  and  CT  c',  and  meeting  each  other  in  T;  then  B'  I'  and  CT  V 
are  the  traces,  on  the  second  plane  of  projection,  of  two  planes  ^ 
perpendicular  respectively  to  the  instantaneous  directions  of  motion 
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of  B  and  0  j  that  is  to  aaj,  of  the  two  planes  already  mentiooed, 
which  traverse  the  instantaneous  axis  and  the  points  B  and  C 
respectivelj ;  and  T  ia  the  trace  of  the  inatantaneoHS  axis  an  f^ 
second  plane  of  projection.  From  I'  let  fall  V I  perpendicular  to 
B  C;  then  I  is  the  projection  of  T  on  the  first  plane  of  projection. 
Draw  the  straight  lines  A  I,  A'  I':  those  are  ths  projections  of 
the  instantaneous  ctxis, 

11.  To  draw  the  projections  of  the  points  B  and  C  on  a  plane 
perpendicular  to  the  instantaneotis  axis,  and  to  find  the  comparative 
motion  o/ those  points.  In  BC,  fig.  39,  take  IF  =  T  A';  draw 
A  G  parallel  and  F  G  perpendicular  to  B  0,  catting  each  other  in 
G;  join  I G :  this  line  will  he  the  rabatment  of  I A  From  B' 
and  CT  let  hAl  B  H  and  C  K  perpendicular  to  T  A'  (produced  if 
required).  In  B  C  take  I  L  =  I'  H,  and  I  M  =  I'  K  j  then  G,  L, 
and  M  will  i*epresent  the  respective  projections  of  A,  B,  and  C 
upon  a  plane  which  traverses  the  instantaneous  axis,  and  is  per- 
pendicular to  the  second  plane  of  projectiou,  From  L  and  M  let 
fall  L  N  and  M  F  perpendicular  to  I  G.  Then,  in  fig.  40,  let 
the  paper  represent  a  plane  of  projection  perpendicular  to  the  in- 
stantaneous axis :  let  A  be  the  trace  and  projection  of  that  axis,  and 
A I  the  trace  of  the  plane  already  mentioned  as  being  perpendicular 
to  the  second  plane  of  projection  in  ^g,  39.  Make  A  2  in  fig.  40 
=  NL  in  fig.  39,  and  Am  in  fig.  40  «  PM  in  fig.  39.  Draw 
/ B  in  fig.  40  perpendicular  to  A  Zin  fig.  40  and  =  H  B  in  fig.  39; 
also  m  C  in  fig.  40  perpendicular  to  A  Hn  fig.  40  and  ==  K  C  in 
fig.  39.  Join  A  B,  A  C.  Then  B  and  C  in  fig  40  will  be  eA^ 
projections  required;  and  the  velocities  of  B  and  C  relatively  to 
A  will  he  perpendicular  in  direction  and  proportional  in  magnitude 
<o  A  B  ami  A  C  respectivdy. 

Another  mode  of  finding  the  comparative  motion  of  A  and  6  is 
the  following : — According  to  the  principle  of  Article  54,  page  33, 
the  component  velocities  of  B  and  0  along  their  line  of  connection, 
B  C,  are  equal  Therefore,  in  ^g,  39,  lay  off  along  B  0  and  K  C 
the  equal  distances  Be?,  Qe,  BcT,  Q' e\  to  represent  that  com- 
ponent; then  dxsiW dh'dhy  e'e'ee  perpendicular  to  BO,  catting 
B&  in  (,  B&'  in  6',  Ce  in  e,  and  Cc'  in  e'\  then  B  (  and  F6'  wiU 
be  the  projections  of  the  vdocity  of  B  relatively  to  A;  and  C  e  and 
C  e'  will  be  the  projections  of  the  velocity  of  0  relatively  to  A 
Then,  by  the  role  of  Article  19,  page  7,  find  the  lengths  of  the 
lines  of  which  B  6  and  K  6',  C  e  and  0'  c'  are  the  projections;  the 
ratio  of  those  lengths  to  each  other  will  be  the  velocity-ratio  oi  the 
two  pointa 

71.  PMMttiiiiui  Hi««a«B  mi  m  BigM  B««7-— How  complicated 
soever  the  motion  of  a  rigid  body  may  be,  it  may  always  be 
regarded  as  made  up  of  a  change  of  position  of  the  body  as  a 
whole— that  i%  a  tianalatioQ  of  the  body,  and  a  change  of  position  of 
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the  body  rdatirelj  to  some  point  in  it;  ibat  is  to  aaj,  as  has  been 
shown  in  the  preceding  Aitide,  a  rotation  about  an  axis  traversing 
that  point,  whidi  axis  may  be  either  permanent,  temporary,  or 
instantaneonsL  It  will  be  shown  fnrther  on  that  a  rotation  aind  a 
translation  parallel  to  the  plane  of  rotation,  when  componnded,  are 
eqniralent  to  a  motion  of  rotation  abont  an  instantaneous  axis 
perpendicolar  to  that  plane.  Hence  it  follows,  that  if  a  rigid 
body  has  any  translation  combined  with  any  rotation,  the  transla- 
tion is  to  be  resolved  into  two  components,  one  parallel  and  one 
normal  to  the  plane  of  rotation;  when  the  parallel  component  of 
the  translation,  being  combined  with  the  rotation,  will  be  equivalent 
to  a  rotation  about  a  new  instantaneous  axis  perpendicular  to  the 
plane  of  rotation;  and  the  whole  motion  of  Uie  body  will  be 
equivalent  to  this  new  rotation  combined  with  the  normal  oom- 
ponoit  of  the  translation,  the  direction  of  which  component  is 
parallel  to  the  axis.  In  short,  how  complex  soever  the  motion  of 
a  rigid  body  may  be,  it  is  at  eadi  instant  equivalent  to  a  helical 
or  screw-like  motion  about  an  instantaneous  axia.  The  most 
comprehensive  problem  that  can  occur  respecting  the  unrestricted 
motion  of  a  rigid  body  at  a  given  instant  is  this:  given  the 
amultaneous  velocities  and  directions  of  motion  of  three  points  (say 
A,  B,  and  0),  to  find  the  motion  of  the  whole  body  at  that  instant 
This  is  to  be  solved  by  choodng  one  of  the  points  (say  A),  and 
regarding  it  for  the  time  as  fixed,  and  determining  the  motions  of 
B  and  C  relatively  to  A.  Then,  by  means  of  the  rules  of  Article 
70,  the  position  is  to  be  determined  of  an  instantaneous  axis 
traversing  A;  when  the  motion  of  the  whole  body  will  be  com- 
pounded of  a  rotation  about  that  axis  and  a  translation  of  the 
point  A,  carrying  the  instantaneous  axis  and  the  whole  body  along 
with  it 

position  has  many  useful  applications  in  mechanism : — The  inrian' 

taneaus  aaeu  of  a  rigid  body,  uhieh  roU$  wiihotU 

flipping  upon  the  surface  of  another  rigid  body, 

psna  through  ail  the  points  in  whu^  those  bodies 

towh  each  other;  for  the  particles  in  the  rolling 

body  which  at  any  given  instant  touch  the  fixed 

body  without  slipping  must  have,  at  that  instant^ 

Dovelodty,  and  must  therefore  be,  at  that  instant^ 

in  the  instantaneous  axia  p.    ^^ 

Moreover,  because  an  instantaneous  axis  is  a  *    . 

stnight  fine,  it  follows  that,  in  order  that  two  surfebces  which 
touch  each  other  at  more  than  one  point  may  roll  on  each  other 
without  dipping,  their  points  of  contact  must  all  lie  in  one  straight 
Ibe:  a  property  of  plane,  cylindrical,  and  conical  surfaces  only, 
the  terms  <' cylindrical "  and  <' conical "  being  used  in  the  general 
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Bense,  wLich  comprehends  cylinders  and  cones  with  bases  of  anj 
figure,  as  well  as  those  with  circular  bases. 

In  fig.  41,  let  the  plane  of  the  paper  represent  a  plane  of 
projection  perpendicular  to  the  straight  line  in  which  the  fixed 
and  the  rolling  surfaces  touch  each  other;  let  T  be  the  projection 
and  trace  of  that  straight  line,  which  is  the  instantaneous  axis  of 
the  rolling  body.  Let  A  be  the  projection  at  a  gi^en  instant  of  & 
point  in  the  rolling  body;  then  at  that  instant  A  is  moving  irith 
a  velocity  proportional  to  A  T,  and  in  a  direction  perpendicular  to 
the  plane  traversing  A  and  the  instantaneous  axis,  of  which  plane 
A  T  is  the  trace. 

It  follows  that  the  path  traced  by  a  point  such  as  A  in  a  rolling 
body  is  a  curve  whose  normal,  AT,  cU  any  given  point.  A,  passes 
through  the  corresponding  position,  T,  of  the  instantaneous  ojcul. 
Curves  of  this  class  are  called  rolled  curves;  and  some  of  them  are 
useful  in  mechanism,  as  will  be  explained  farther  on. 

73.  c#M>Mttt#M  of  B«ttiU«B  with  TrwMiaU«a.— From  Article  52, 
page  30,  it  appears  that  the  single  rotation  of  a  body  about  a 
fixed  axis  (such  as  O,  fig.  19,  page  26)  may  be  regarded  as  com- 
pounded  of  a  rotation  with  equal  angular  velocity  about  a  moving 
axis  parallel  to  the  fixed  axis  (such  as  that  whose  trace  is  A,  fig. 
19),  and  a  ti*anslation  of  that  moving  axis  canying  the  body  along 
with  it  in  a  circle  round  the  fixed  axis  of  the  radius  O  A.  A 
similar  resolution  of  motions  may  be  applied  to  rotation  about 
an  instantaneous  axis.  For  example,  the  rotation  of  the  rolling 
body  in  ^g.  41  about  the  instantaneous  axis,  T,  may  be  conceived 
to  be  made  up  of  a  rotation  about  another  axis,  C,  parallel  to  the 
instantaneous  axis,  and  a  translation  of  that  axis. 

The  present  Article  relates  to  the  converse  process,  in  which 
there  are  given  a  rotation  of  a  secondary  piece  about  an  axis 
occupying  a  fixed  position  in  the  piece,  and  a  translation  of  that 
axis  relatively  to  the  frame  in  a  direction  perpendicular  to  itself — 
that  is,  parallel  to  the  plane  of  rotation ;  and  it  is  required  to  find, 
at  any  instant,  the  instantaneous  axis  so  situated  that  a  rotation 
about  it  with  the  same  angular  velocity  shall  express  the  resultant 
motion  of  the  piece. 

In  fig.  41,  let  the  plane  of  the  paper  be  the  plane  of  motion, 
and  let  C  be  the  projection  and  trace  of  the  moving  axis — ^morin^ 
relatively  to  the  frame,  but  fixed  as  to  its  position  in  the  secondary 
piece.  Let  C  U  be  the  direction  of  the  translation  of  that  axis, 
carrying  the  moving  piece  with  it ;  and  let  the  velocity  of  transla- 
tion be  no  related  to  the  angular  velocity  of  rotation  as  to  be  equal 
to  the  velocity  of  revolution  about  the  axis  C,  of  a  particle  whose 

,.  .  -         .1    .       '    -    r%  m       velocity  of  translation     -. 

distance  from  that  axis  is  C  T  = i_ — : ,    Draw 

angular  velocity 

C  T  of  the  length  so  determined,  in  a  direction  perpendicular 
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to  C  TJ,  and  pointing  towards  the  right  or  towards  the  left  of  C  U, 
according  as  the  rotation  is  right-handed  or  left-handed.  Then  T 
will  be  the  projection  and  trace  of  the  required  instatUaneoua  axis; 
80  that  if  A"  is  the  projection  of  any  point  in  the  moving  piece, 
the  direction  of  motion  of  that  point  is  perpendicular  to  the  plane 
whose  trace  is  A  T;  and  the  velocity-ratio  of  A  and  C  is 

AY      TA 
0  U  "  T  C 

The  proof  that  T  is  the  instantaneous  axis  is,  that  any  particle 
whose  projection,  at  a  given  instant,  coincides  with  T  is  carried 
backward  relatively  to  0  by  the  rotation  with  a  speed  equal  and 
opposite  to  that  with  which  0  is  carried  forward  by  ^e  translation ; 
so  that  the  resultant  velocity  of  every  particle  at  the  instant  when 
its  projection  coincides  with  T  is  nothing. 

74.  ■•Oliis  mi  m  CjUatdwae  mt  m  PbuM— TMch*M— CyctoM.  {A, 
if.,  386.) — Every  straight  line  parallel  to  the  moving  axis  0,  in  a 
cylindrioil  surface  described  about  C  with  the  radius  C  T,  becomes 
in  torn  the  instantaneous  axis.  Hence  the  motion  of  the  body  is 
the  same  with  that  produced  by  the  rolling  of  such  a  cylindrical 

Bui&ce  on  a  plane,  FTP,  parallel  to  C  and  to  C  U,  at  the  distance 
CT. 

The  path  described  by  any  point  in  the  body,  such  as  A,  which 
is  not  in  the  moving  axis  C,  is  a  curve  well  known  by  the  name  of 
troekoiJ,  The  particular  form  of  trochoid,  called  the  cycloid^  is 
described  by  each  of  the  points  in  the  rolling  cylindrical  surface. 

75.  ■•Oliis  mt  a  Plue  mm   a  CjUm§mi   lar^lale— 4irteals.     (ii. 

if.,  387.) — Another  mode  of  representing 
the  combination  of  rotation  with  transla- 
tion in  the  same  plane  is  as  follows : — In 
fig.  42,  let  O  be  the  projection  and  trace 
on  the  plane  of  motion  of  a  fixed  axis, 
about  which  let  the  plane  whose  trace  and 
projection  is  O  C  (containing  the  axis  0) 
rotate  (righthandedly,  in  the  figure)  with 
a  given  angular  velocity.  Let  a  secondary 
piece  have  rdativdy  to  the  rotating  plane^ 
and  in  a  direction  perpendicular  to  it,  a 
translation  with  a  given  velocity.  In  the 
[Jane  O  C,  and  at  right  angles  to  the  axis  Fig.  42. 

0,  take  O  T  =  velocity  of  tiansUtion  .^  ^^^  ^  ^^.^^  ^^^  ^^^ 

angular  velocity 
velocity  which  the  point  T  in  tlte  rotating  plane  has  at  a  given 
instant,  shall  be  in  the  contrary  direction  to  the  equal  velocity  of 
translation  which  the  secondary  piece  has  relatively  to  the  rotating 
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plane.  Then  each  point  in  the  secondary  piece  whidi  arrives  at 
the  position  T^  or  at  any  position  in  a  line  traversing  T  parallel  to 
the  fixed  axis  O,  is  at  rest  at  the  irutant  of  its  occupying  that 
position;  therefore  the  line  traversing  T  parallel  to  the  fixed  axis 
O  is  f Ad  insUmtatieotis  axis;  the  motion  at  a  given  instant  of  any 
point  in  the  secondary  piece,  such  as  A,  is  at  right  angles  to  the 
}>lane  whose  trace  is  A  T,  perpendicular  to  the  instantaneous  axis; 
and  the  velocity  of  that  motion  bears  to  the  velocity  of  the  trans- 
lation the  ratio  of  T  A  to  T  O. 

All  the  lines  in  the  secondary  piece  which  successively  ocoopy 
the  position  of  instantaneous  axis  are  situated  in  a  plane  of  that 
body,  FTP,  perpendicular  to  O C;  and  all  the  positions  of  the 
instantaneous  axis  are  situated  in  a  (^linder  described  about  O 
wiiik  the  radius  O  T ;  so  that  the  motion  of  the  secondary  pieoe  is 
such  as  is  produced  by  the  rolling  qfthe  plane  whoae  trace  w  P  P 
en  the  c^ndiT  wheee  radius  tf  O  T.  Each  point  in  the  seoondary 
piece,  such  as  A,  describes  a  plane  spiral  about  the  fixed  axis  O. 
For  each  point  in  the  roUing  plane,  P  P,  that  spiral  is  the  involute  of 
the  drde  whose  radius  is  O  T,  being  identical  with  the  curve  traced 
by  a  pencil  tied  to  a  thread  while  the  thread  is  being  unwrapped 
from  the  cylinder.  For  each  point  whose  path  of  motion  traverses 
the  fixed  axis  O — that  is,  for  each  point  in  a  plane  of  the  secondaiy 
piece  traversing  O  and  parallel  to  P  P — the  spiral  is  Archimedean, 
having  a  radius-vector  increasing  bv  a  length  equal  to  the  circum- 
ference of  the  cylinder  at  each  revolution. 

76.  CoMp— m»M  •€  B«lBtton«  akMtt  PumIM  Asm.    {A,  M,,  388.) 

— In  %&  43,  44^  and  45,  let  0  be  the  projection  and  trace  on  the 


Fig.  44. 


Fig.  45. 


plane  of  rotation  of  a  fixed  axis,  and  O  C  the  trace  of  a  plane 
traversing  that  axis,  and  rotating  about  it  with  the  angular  velocity 
a.  Let  C  be  the  projection  and  trace  of  an  axis  in  that  plane, 
parallel  to  the  fixed  axis  O;  and  about  the  moving  axis  0  let  a 
•ccondary  piece  rotate  with  the  angular  velocity  b  rda/tivdy  to  the 
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pUme  O  C ;  and  let  the  directions  of  the  rotations  a  and  5  be  distin- 
gui&hed  by  positiye  and  negative  signs.  The  body  is  said  to  have  the 
rotations  about  the  parallel  axes  O  and  0  combined  or  compoundedy 
and  it  is  required  to  find  the  result  of  that  combination  of  parallel 
rotations. 

Fig.  43  represents  the  case  in  which  a  and  h  are  sinnlar  in 
direction :  fig.  44,  that  in  which  a  and  h  are  in  opposite  directions^ 
and  6  is  the  greater;  and  fig.  45,  that  in  which  a  and  b  are  in 
opposite  directioDs,  and  a  is  the  greater. 

Let  the  trace  O  C  of  the  rotating  plane  be  intersected  in  T  by  a 
straight  line  parallel  to  both  axes,  in  such  a  manner  that  the 
di;$tances  of  T  (the  trace  of  that  line)  from  the  fixed  and  moving 
axes  respectively  shall  be  inversely  proportional  to  the  angular 
velocities  of  the  component  rotations  about  them,  as  is  expressed 
by  the  following  proportion : — 

a:b  ::CT  :  OT (1.) 

When  a  and  b  are  similar  in  direction,  let  T  fidl  between  O  and  C, 
as  in  fig.  43  3  when  they  are  contrary,  beyond,  as  in  figs.  44  and  45. 

Then  the  vekxsty  of  the  line  T  o/the  pkme  O  0  is  a  -  OT;  and 
the  velocity  of  the  line  T  <^^  secondary  pieeey  rdativdy  to  the 
flame  O  C,  is  d  *  C  T,  equal  in  amount  and  contrary  in  direction  to 
the  former;  therefore  each  line  of  the  secondary  piece  whioh 
arrives  at  the  position  T  is  at  rest  at  the  instant  of  its  occupying 
tiiat  position,  and  is  then  the  irutaTiianeoua  axis.  The  reaidtcmi^ 
angMimr  vdooUy  is  given  i^  the  equation 

c=  a  +  h'r (2.) 

regard  being  had  to  the  directions  or  signs  of  a  and  6;  that  is  to 
£ay,  if  we  now  take  a  and  h  to  represent  arithmetical  magnitudes, 
and  affix  explicit  signs  to  denote  Uieir  directions,  the  direction  of  g 
will  be  the  same  with  that  of  the  greater ;  the  case  of  hg»  43  wiQ 
be  represented  by  the  equation  2,  already  given;  and  those  of  figa. 
44  and  i5  xvspeotively  % 

«s&-.a;  c  =  a  ^  b (2  A.) 

The  lehstive  proportions  of  o^  h,  and  c,  and  of  the  distances 
between  the  fixed,  nofving,  and  instantaneous  axes,  are  given  bj 
the  equtton 

o  :  6  :  c  :  :  CT  :  OT  :  OC (3.) 

Ue  motion  of  any  point,  such  as  A,  in  the  secondary  piece, 
according  to  the  principle  of  Article  72,  is  at  each  instant  at  ri^t 
angles  to  the  pkuie  whose  trace  is  A  T,  drawn  from  the  point  A 
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perpendicular  to  the  inatantaneons  axis ;  and  the  velocity  of  thai 
motion  is 

v  =  c   AT (4.) 


77.  R«IUMC«ra€?7llHd«r*maC7llBd«r— 1 

{A,  M,,  389.) — AH  the  lines  in  the  secondary  piece  which  suooes- 
sively  occupy  the  position  of  instantaneous  axis  are  situated  in  a 
cylindrical  surface  described  about  C  with  the  radius  C  T;  and  all 
the  positions  of  the  instantaneous  axis  are  contained  in  a  cylindrical 
surface  described  about  O  with  the  radius  O  T ;  therefore  the 
resultant  motion  of  the  secondary  piece  is  that  which  is  prodooed 
by  rolling  the  former  cylinder  on  the  latter  cylinder. 

In  fig.  43  a  convex  cylinder  rolls  on  a  convex  cylinder;  in  fig. 
44  a  smaller  convex  cylinder  rolls  in  a  laiger  concave  cylinder; 
in  fig.  45  a  laiger  concave  cylinder  rolls  on  a  smaller  convex 
cylinder. 

Each  point  in  the  rolling  rigid  body  traces,  relatively  to  the 
fixed  axis,  a  curve  of  the  kind  called  epitrochoids.  The  epitrochoid 
traced  by  a  point  in  the  surface  of  the  rolling  cylinder  is  an 
^ncydoid. 

In  certain  cases  the  epitrochoids  become  curves  of  a  more  simple 
class.    For  example,  each  point  in  the  moving  cads  C  traces  a  circle. 

When  a  cylinder  rolls,  as  in  fig.  44,  within  a  concave  cylinder 
of  double  its  radius^  each  point  in  the  surface  of  the  rolling  cylinder 
moves  backwards  and  forwards  in  a  straight  line,  being  a  diameter 
of  the  fixed  cylinder;  each  point  in  the  axis  of  the  roUing  cylinder 
traces  a  ciixsle  of  the  same  radius  with  that  cylinder;  and  each  other 
point  in  or  attached  to  the  rolling  cylinder  traces  an  ellipse  of 
greater  or  less  eccentricity,  having  its  centre  in  the  fixed  axis  O. 
This  principle  has  been  made  available  in  instruments  for  drawing 
and  turning  ellipses. 

There  is  one  case  of  the  composition  of  rotations  about  parallel 
axes  in  which  there  is  no  instantaneous  axis;  and  that  is  when  the 
two  component  rotations  are  of  equal  speed  and  in  contrary  direc- 
tions; for  then  the  resultant  is  simply  a  trandalion  of  the  secondary 
piece  along  with  the  moving  axis.  This  may  be  illustrated  by 
referring  to  fig.  32,  page  44,  where  the  translation  of  the  coupling- 
rod  C  D  may  be  looked  upon  as  the  resultant  of  the  combination 
of  the  rotation  of  the  crank  AC  about  A,  with  an  equal  and 
contrary  rotation,  rdativdy  to  the  crank,  of  G  I)  about  C. 

78.  Cwaiwe  mt  lar^lBica  •f  Circles.  Sric7Cl«M%  aa«  Cyrialdto 
It  is  often  useful  to  determine  the  radius  of  curvature  of  a  roUed 
curve  at  a  given  point,  especially  where  the  fixed  curve  and  rolling 
curve  are  circles,  and  where  the  tracing  point  is  in  the  circum- 
ference of  the  rolling  curve. 

In  the  case  of  the  involute  of  a  eirde,  the  radius  of  curvature  at 
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a  given  point  is  simply  the  length  of  a  normal  to  the  curve  at  that 
point  measured  to  the  point  where  that  normal  touches  the  circle; 
that  is  to  say,  it  is  the  length  of  the  straight  part  of  the  thread 
used  in  drawing  the  involute. 

In  the  case  of  a  cydoid  (traced  by  a  point  in  the  circumference 
of  a  cylinder  which  rolls  on  a  plane)  the  radius  of  curvature  at  a 
given  point  is  twice  the  length  of  the  normal  measured  fi*om  that 
|)oint  to  the  corresponding  instantaneous  axis. 

Id  the  case  of  an  epicycloid  the  construction  for  finding  the 
radius  of  curvature  is  shown  in  fig.  46;  the  right-hand  division  of 
the  figure  giving  the  construction  for  an  eadernal  epicycloid,  I  A, 
traced  by  a  point.  A,  in  the  surface  of  a  cylinder,  the  trace  of 


Fig.  46. 

whose  axis  is  C,  rolling  ouUide  a  fixed  cylinder,  the  trace  of  whose 
axia  is  O ;  and  the  left-hand  division  giving  the  construction  for 
an  internal  epicycloid,  I  A',  traced  by  a  point.  A',  in  the  surface  of 
a  cylinder,  the  tiace  of  whose  axis  is  (7,  rolling  ineide  the  same 
fixed  cylinder.  The  following  description  applies  to  both  divisions 
of  the  figure:  it  being  observed  that  at  the  left-hand  side  the 
letters  are  accented : — 
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Let  T  be  the  trace  of  the  iDstantaneous  bjob,  or  fine  of  ooBtMi 
of  the  cylinders,  at  the  instant  when  the  tracing  point  is  at  A;  » 
that  A  T  is  the  normal  to  the  epicycloid  at  A,  and  O  T  and  C  T 
the  radii  of  the  fixed  and  rolling  cylindera,  being  two  parts  of  one 
straight  lina  Thiongh  O  draw  O  E  parallel  to  A  G.  Bisect  O  T 
in  D,  and  draw  the  straight  line  A  D  £,  cutting  O  E  in  EL  Throogk 
E  draw  E  F  parallel  to  O  T,  and  cutting  A  T  (produced  as  &r  aa 
required)  in  F.  Then  A  F  will  be  the  radius  of  cBrvatare  of  the 
epicycloid  at  the  point  A 

The  following  formula  serves  to  find  A  F  by  calculation ; 

-  ^  -  ^^^' •(••) 

It  is  sometimes  more  convenient  to  calculate  the  distance,  T  F,  of 
the  centre  of  curvature,  F,  from  the  instantaneous  axis,  T,  and  that 
is  done  by  the  following  formula : 

TV      AT'OD_  ATOT 

the  use  of  which,  in  designing  the  teeth  of  wheeb  by  Mr.  Willis*s 
method,  will  appear  farther  on. 

79.  T«  Draw  itoiiedi  Carres.— A  rolled  curve  may  be  drawn  by 
actually  rolling  a  disc  of  the  form  of  the  rolling  curve,  carrying  a 
suitable  tracing  point,  upon  the  edge  of  a  disc  of  the  form  of  the 
fixed  curve.  But  it  needs  much  care  to  perform  that  operation  with 
accuracy,  except  with  the  aid  of  machinery  specially  contrived  for 
the  purpose,  such  as  is  to  be  found  in  certain  kinds  of  turning  lathes. 

For  ordinary  purposes  in  designing  machinery,  approximate 
methods  of  drawing  rolled  curves  are  used,  such  as  the  following : — 

I.  To  draw  approximalely  a  rolled  curve  by  the  hdp  of  tangeni 
cirdea. — In  ^g.  47,  let  A  B  be  the  fixed  curve,  and  A  D  the 
roUiug  curve,  touching  the  fixed  curve  at  A,  which  is  also  the 
position  of  the  tracing  point  at  starting.  The  curve  A  D  rolls 
from  A  towards  B;  and  it  is  required  to  draw  approximately  the 
curve  traced  by  the  point  A.  By  Bule  III.  of  Article  51,  page 
29,  lay  off  on  each  of  the  two  curves  A  B  and  A  D  a  series  of 
equal  arcs,  A  1,  12,  23,  34,  Ac  Measure  the  straight  chord  firom 
1  to  A  on  the  curve  A  D,  and  with  11  s  lA  as  a  radius,  and  the 
point  1  on  the  curve  A  B  as  a  centre,  draw  so  much  of  a  circle  as 
lies  near  the  probable  position  of  the  rolled  curve;  measure  the 
straight  chord  from  2  to  A  on  A  D,  and  with  22  s=  2  A  as  a  radius, 
and  the  point  2  on  the  curve  A  B  as  a  centre,  draw  in  like  manner 
|)art  of  a  circle;  and  go  on,  in  the  same  way,  drawing  a  series  of 


*  The  proof  of  this  is  as  follows : — Let  the  radins  of  the  rolliiig  ^finder, 
C  A  =  C  T  =  r;  let  that  of  the  fixed  cylinder,  O  T  »  B,  whidi  la  to  bo 
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cirenlar  arcs  with  the  points  1, 2,  3,  4,  Ac,  in  the  fixed  curve  A  B, 
for  their  oentraa,  «nd  for  their  EMlii  the  Unes  11,  22,  33,  44,  Ac, 
rpspectivelj  equal  to  the  distances  lA,2A,3A,4A,dca,  as 
measured  between  points  an  the  roUing  onrva     Then,  with  the 
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.  js  pontiTB  or  nentive  according  u  the  roUinfi;  cylinder  rolb  on  the 
iamor  oarboe  of  Uie  fixed  cgrlinMr ;  lot  the  instantenoou  adins  or 
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free  hand,  or  with  the  help  of  a  bent  spring,  draw  a  canre,  A  E, 
so  as  to  touch  all  those  circular  arcs ;  this  will  be  very  neari j  the 
rolled  curve  required. 

The  curve  A  E  is  called  the  ''Envelope"  of  the  series  of  arce 
that  it  touches. 

11.  To  find  a  sertea  of  points  in  a  rolled  curve. — Draw  a  series  of 
tangent  circular  arcs  as  in  the  preceding  rule;  then  dmw  the 
several  normals,  11,  22,  33,  44,  &c.,  as  radii  of  those  arcs;  the 
direction  of  each  normal  being  determined  by  the  principle,  that  at 
the  point  where  it  meets  the  fixed  curve  A  B,  it  makes  an  angle 
with  a  tangent  to  that  curve  equal  to  the  angle  which  the 


normal  of  the  epicycloid,  T  A  =  ^;  and  let  the  required  r^dins  of  cnrrsbne^ 
AF-p. 

Let  the  angular  velocity  of  the  rolling  cvlinder,  rtkUively  to  the  roiatmg 
plane  O  C,  be  denoted  by  b,  and  that  of  the  plane  O  C  by  a,  ao  that  tiie 
resultant  angular  velocity  of  the  rolling  cylinder  is  a  +  6.  Then,  heransw 
the  angle  C  T  A  is  the  complement  of  one-half  of  the  angle  T  C  A,  it  is 

evident  that  the  angular  velocity  of  T  A  is  a  +  5*  ^^^  according  to  Article 
76,  a  R  s  5  r;  therefore 

In  any  indefinitely  short  time,  d  i,  the  normal  sweeps  through  an  aaigle 
whose  value  in  circiuar  measure  is 

and  the  point  A  traces  an  arc  of  the  length 

d8  =  (a'¥h)pdi^h(\  -^^pdti 
therefore  the  radius  of  curvature  of  tHe  epicycloid  at  the  point  A  is 

.da.      ^^i     ^(^^")      AT-OC 

2  +  K       2^-*-^ 

This  formula  is  made  to  comprehend  the  case  of  a  cycloid  by  T"*^^g 
R  »  00,  when  it  becomes  p  »  2  p;  and  that  of  the  involute  of  a  circle  by 
making  r  a  00,  when  we  have  p  ^  p.  When  the  epicydoid  is  internal,  and 
R  and  r  denote  arithmetical  values  of  those  radii,  the  sign  —  is  to  be  sub- 
stituted for  +  both  in  the  numerator  and  in  the  denominator  of  the  fonnala. 
The  symbolical  expression  for  equation  2  of  Uie  text  is 

—     __pR_ 
^      ^""R  +  2r' 

with  the  same  understanding  as  to  the  sisn  in  the  denominator.  In  the  mm 
already  referred  to  at  the  end  of  Article  77,  when  a  cylinder  rolls  insiile  a 
cylinder  of  twice  its  diameter,  we  have  R  ^  —  2  r,  and  the  denomtnaftor  of 
the  expression  for  p  becomes  s=-  0;  showing  that  the  radius  of  cnnratore  is 
infinite ;  or,  in  other  words,  that  the  epicycloid  traced  is  a  strai^t  line^  aa 
stated  in  the  text    When  the  rolling  cylinder  is  concave^  r  is ""' 
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spondiiig  chord  on  the  rolling  curve  A  D,  makes  with  a  tangent  to 
tiiat  curve  at  the  corresponding  point.  Thus  are  found  a  series  of 
points^  ly  2,  3^  4,  ^,  on  the  rolled  curve  A  E,  at  the  ends  of  the 
normals  from  the  corresponding  points  on  the  fixed  curve  A  B. 

The  two  preceding  Hules  are  applicable  to  fixed  and  rolling 
curves  of  all  figures  whatsoever.  When  both  curves  are  circles, 
the  finding  of  a  series  of  points  is  facilitated  by  drawing  the  circle 
C  C,  whi^  contains  the  successive  positions  of  the  centre  of  the 
rolling  circle;  then  marking  those  successive  positions,  1',  2i,  3%  4', 
ice,  on  the  circle  C  C,  by  drawing  radii  through  the  corresponding 
points  I9  2,  3,  4,  dfc.,  on  the  circle  A  B ;  then  drawing  the  rolling 
cirde  in  its  several  successive  positions  (marked  with  dots  in  the 
figure),  and  laying  ofiT  the  chords  11,  22,  33,  44,  <&c.,  of  their  proper 
lengths  upon  those  positions  of  the  rolling  circle,  which  chords  will 
be  a  series  of  normals  to  the  rolled  curve  A  R 

ILL  To  approximate  to  the  figure  of  an  epicydoicUd  arc  by  meane 
of  one  dreviar  arc  By  the  method  of  the  preceding  Bule  draw  the 
normal  to  the  epicycloidal  arc  in  question  at  a  point  near  its  middle. 
For  example,  if  A  3  is  the  arc  of  the  epicycloid  A  E,  whose  figure 
is  to  be  approximated  to  by  means  of  one  ciscular  arc,  draw  the  nor- 
mal 22  by  Bule  IL  Then  conceive  that  normal  to  be  represented 
by  AT  in  fig.  46,  page  57;  and  by  the  method  of  Article  78 
find  the  corresponding  radius  of  curvature  A  F  and  centre  of 
curvature  F.  A  circular  arc  described  about  F,  with  the  radius 
F  A  (fig.  46),  will  be  an  approximation  to  the  epicycloidal  arc. 

This  is  the  approximation  used  in  Mr.  Willis's  method  of 
designing  teeth  for  wheels,  to  be  described  farther  on.  It  ensures 
that  the  circular  arc  shall  have,  at  or  about  the  middle  of  its  length, 
the  same  position,  direction,  and  curvature  with  the  epicycloidal 
arc  for  which  it  is  substituted.  Towards  the  ends  of  the  arcs  they 
gradually  deviate  from  each  other. 

lY.  To  approximate  to  the.  figure  of  an  epicycloidal  arc  by  means 
qfiwo  circular  arcs.  This  method  of  approximation  is  closer  than 
the  pnoeding,  but  more  laborious.  It  substitutes  for  an  epicycloidal 
arc  a  curve  made  up  of  two  circular  arcs;  and  the  approximate 
carve  coincides  exactly  with  the  true  curve  at  the  two  ends  and  at 
one  intermediate  point,  and  has  also  the  same  tangents  at  its  two  ends 

Soppoee  that  A  and  B  (fig.  48)  are  the  two  ends  of  the  epicy- 
cloidal arc  to  which  an  approximation  is  required,  and  that  A  C  and 
B  C  are  normals  to  the  arc  at  those  points :  the  positions  of  the 
ends  of  the  arc  and  directions  of  its  normals  having  been  determined 
by  Rule  IL  of  this  Article.  Let  C  be  the  point  of  intersection  of 
the  nomudsb  Draw  the  tangents  A  D  perpendicular  to  A  C,  and 
B  D  perpendicular  to  B  C,  meeting  each  other  in  D.  Draw  the 
■traight  line  D  C,  and  bisect  it  in  K  About  £,  with  the  radius 
E  D  s  E  C,  describe  a  circle,  which  will  pass  through  the  four 
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pomtB,  A,  D,  B,  a    Dfav  ihe  diameter  F  E  G,  bisecting  tiie  MO 

ABinFandtliearcBCAmG. 
Draw  the  straight  line  G  D,  in  which  take  G  H  =  G  A  =  G  B. 

Through  H,  parallel 
to  F  E  G,  draw  the 
straight  line  H  K  L, 
cattmg  A  0  in  K 
and  B  C  in  L.  Then 
about  Ely  with  the 
radius  K  A  =  K  H, 
draw  the  drcular  arc 
AH;  and  about  L, 
with  the  radius  L  H 
s=  L  B,  draw  the 
circulararcHB:  the 
curve  made  up  of 
those  two  circular 
arcs  will  be  a  dose 
approximation  to  the 
epicydoidal  arc,  hav- 
ing the  same  position 
and  tangents  at  its 
two  enda^  and  being 
▼ery  near  to  the  true 
arc  at  all  intermediate 
points. 

It  maybe  remarked 
that  GH  s=  GA=: 

gb=:V(h:k-hl) 

approximates  Tery 
closely  to  the  mean 
radius  of  curvature 
of  the  epicjrdoidal  arc 
A  B;  also  that  the 
process  described  is 
applicable  to  the  ap- 
proximate drawing  of 
Biany  corves  besides 
epicycloids;  and  that 


Tig.  48. 


the  ratio  of  the  two  radii,  H  L  :  H  K,  deviates  less  from  equality 
than  that  of  the  radii  of  any  other  pair  of  circular  arcs  which 
can  be  drawn  so  aa  to  touch  A  D  in  A  and  B  D  in  B,  and  also  to 
touch  each  other  at  an  intermediate  point* 

.Thi.m.ybe,xp««rf^boIi«nybyrt^tI«t(?^*-  =  ^* 
ni&ifflimi;  or  that  [log.  r*^)  is  a  minimirai. 
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tions  show  how  &e  rotation  of  a  rigid  body  about  &  given  axis^ 
fixed  or  instantaneonSy  may  be  reeved  into  two  component 
rotations  about  any  two  axes  in  the  same  plane  with  the  actual 


L  Pajballel  Axbs. — The  roUUicn  of  a  rigid  body  about  a  given 
axis  is  equifxileni  to  the  resultant  oftvx>  component  rotationa  about 
tico  axes  paraUd  to  the  given  axis  and  in  the  same  plane,  the  angular 
relodty  of  each  of  the  three  rotations  being  proporUowd  to  the  distance 
between  the  axes  of  the  other  two  rotations. 

In  fig.  49,  let  the  plane  of  the  paper  be  perpendicular  to  the 

three  parallel  axes,  and  let  0  be  the  trace  of  the  axis  of  the 

A  / — >v     resultant  rotation,  and  A  and  B  the  traces 

j^ -gi    J    of  the  axes  of  the  component  rotations ;  all 

I  V  I  ^    three  axes  being  in  the  same  plane,  whose 

trace  is  A  0  K     Let  the  angular  velocities 
about 

A,  B,  C, 

be  respectively  proportional  to 

BC,        CA,        AR 

As  the  figure  is  drawn,  all  three  angular 

I  \    velocities  are  of  the  same  sign;  because  A  B 

>^^    =  BC  +  C  A     If  C  lay  beyond  A  and  B, 
p^  49,  instead  of  between  them,  A  B  would  be  the 

difference  of  B  C  and  C  A,  instead  of  their 
ram ;  and  the  lesser  of  these  two  distances  and  of  the  correspond- 
ing angular  velocities  would  have  to  be  considered  as  negative. 

Let  H  be  the  projection  of  a  particle  in  the  rigid  body,  which, 
j'artide  ia  moving  in  a  direction  perpendicular  to  H  0,  with  a 
Telocity  proportional  to  C  H  *  A  K  Then,  first,  from  H  let  ML 
II  D  perpendicular  to  A  B;  then,  by  the  principles  of  Article  55, 
fifige  33,  the  component  velocity  of  H  in  the  direction  H  D, 
wliether  due  to  rotation  about  A,  B^  or  C,  is  the  same  with  that 
of  a  particle  at  D.  Now  the  velocities  of  a  particle  at  D  due  to 
the  voiatiaDs  about 

A,  B,  O 

are  proportional  respectively  to 

+  ADBC;  -BDCA;  +CDAB; 

and  CD-AB  =  AD-BC-BD-0Aj  therefore  this  com- 
ponent ci  the  velocity  of  the  particle  H  due  to  the  rotation  about 
C  IB  the  resultant  (^  the  corresponding  components  due  to  the 
rotations  about  A  and  B  respectively. 

Seeomdly,  Thiouglt  H  draw  E  G  H  F  patallel  to  A  C  B,  and 
on  it  let  fiiU  the  perp^dicuhua  A  E,  B  F,  C  G.    Then,  by  the 


64  GEOiaSTBT  OF  MACHINEBT. 

principles  of  Article  55,  page  33,  the  component  vdocities  of  H 
along  E  F  due  to  the  rotations  about  the  axes  A,  B,  and  C  are 
respectively  equal  to  the  velocities  of  £  due  to  rotation  abovt  A, 
of  F  due  to  rotation  about  B,  and  of  G  due  to  rotation  about  C; 
and  because  AE  =  BF  =  CG,  these  velocities  are  respectively 
proportional  to 

BC,        CA,         ABj 

But  AB  =  BC  +  CA;  therefore  the  component  along  £  F  of 
the  velocity  of  the  particle  H  due  to  the  rototion  about  C  is  the 
resultant  of  the  corresponding  component  velocities  due  to  the  rota- 
tions about  A  and  B  respectively.  Therefore  the  whole  velocity  of 
the  particle  H  due  to  i-otation  about  C,  with  an  angular  velocity 
proportional  to  A  B,  is  the  resultant  of  the  velocities  of  the  same 
particle  due  respectively  to  i-otatious  about  A^  with  an  angular 
velocity  proportional  to  B  0,  and  about  B,  with  an  angular  velocity 
proportional  to  C  A.  And  this  being  true  for  every  particle  of  the 
rotating  body,  is  true  for  the  whole  body :  Q.  R  D. 

II.  iNTERSECTiNa  AzES. — The  rotation  of  a  rigid  body  about  a 
given  axie  is  equivalent  to  the  resultant  of  two  component  rotations 
about  two  axes  in  the  same  plans  with  the  first  axis,  and  cutting  it  in 
one  point;  t/te  angular  velocities  of  the  component  and  resultant  rota- 
tions being  proportional  respectivdy  to  the  sides  and  diagonal  of  a 
parallelogram,  which  are  paralld  respectively  to  the  three  axes  i>f 
rotation. 

In  fig.  50  the  upper  i-ight-hand  part  of  the  figure  represents  a 
])lane  perpendicular  to  the  resultant  axis  of  rotation,  O*.  F*  is 
the  projection  of  any  particle  on  that  plane ;  and  the  direction  of 
motion  of  any  particle  whose  prajection  is  F^  is  perpendicular  to 
0"F*. 

O"  Y'  and  O'  Z'  are  the  traces  of  two  planes  perpendicular 
to  the  first  plane  of  projection  and  to  each  other;  and  D*  and  £* 
are  the  projections  of  F"  on  those  planes  respectively.  According 
to  the  principle  of  Article  55,  page  33,  the  component  velocity 
parallel  to  O"  Y'  of  the  particle  whose  projection  is  F*  is  the  same 
with  the  Telocity  of  a  particle  at  D";  and  its  component  velocity 
parallel  to  O"  Z"  is  the  same  with  that  of  a  particle  at  £*. 

The  upper  left-hand  pirt  of  the  figure  represents  the  plane 
whose  trace  on  the  first  plane  of  projection  is  O*  Z* ;  O'  X',  on  this 
second  plane,  is  the  axis  of  rotation;  O'  Z'  is  the  trace  of  the  fixvt 
plane  of  projection ;  and  ly  is  the  projection  of  F*,  and  is  the  same 
point  that  is  marked  D'  on  the  first  plane.  The  lower  part  of  the 
figure  represents  the  plane  whose  trace  on  the  first  plane  of  w>> 
jection  is  O'  Y",  and  on  the  second  plane,  O  X.  On  this  thbd 
plane  O  X  is  the  axis  of  rotation,  and  also  the  trace  of  the  #wHind 
plane;  O  Y  is  the  trace  of  the  first  plane;  £  is  the  pn>|ection  of 
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Fy  and  is  the  same  point  that  is  marked  £'  oa  the  first  plane;  O 
is  the  piojection  of  v\ 

fx' 


O^T^H — V 


^ ^^ 


fig.  50. 

The  pontionB  of  the  second  and  third  planes  are  arbitrary  so  long 
as  thej  both  traverse  the  axis  of  rotation,  and  are  at  right  angles 
to  each  other. 

In  O  X  take  O  0  proportional  to  the  angular  velocity;  and 
make  it  point  so  that  to  an  observer  looking  from  O  towards  C 
the  rotation  shall  seem  right-handed. 

From  O  draw  any  two  lines,  O  A  and  O  B,  in  the  third  plane; 
from  C  draw  C  B  parallel  to  A  O,  and  C  A  parallel  to  B  O,  so  as 
to  complete  the  parallelogram  O  B  C  A.  Then  the  proposition 
states,  that  a  right-handed  rotation  about  O  A,  with  an  angular 
Telocity  proportional  to  O  A,  and  a  right-handed  rotation  about 
O  B,  with  an  angular  velocity  proportioiwl  to  O  B,  being  combined, 
are  equivalent  to  the  actual  rotation. 

To  prove  this  for  a  particle  at  E,  it  is  to  be  considered  that  the 
motions  impressed  on  E  by  the  three  rotations  separately  are  each 
of  them  perpendicular  to  the  third  plane;  also,  that  the  velocity 
of  £  doe  to  any  one  of  the  three  rotations  is  proportional  to  the 
angular  velocity  of  that  rotation  multiplied  by  the  perpendicular 
distance  of  £  from  the  axis  of  that  rotation,  and  is  tiierefore  pro- 

F 


66  QBOXETRT  OF  MAOHIKERY. 

pQEtioDal  to  the  area  of  a  triangle  having  for  its  base  the  length 
marked  on  that  axis,  to  represent  that  angular  vdooitj,  and  for  its 
summit  the  point  E;  so  that  the  velocities  of  a  particle  at  E  due 
respectively  to  the  rotations  about 

O  A,  OB,  O  C 

are  proportional  respectively  to  the  areas  of  the  triangles 

OAE,  OBE,  OCR 

Through  A  and  B  draw  A  G  and  B  K  perpendicular  to  O  C^  and 
join  E  G  and  E  H.     Then,  by  plane  geometry, 

OAE=OGE;andOBE  =  OHE=GCE; 

therefore 

0CE  =  0GE  +  GCE  =  0AE4-0BE 

So  that  the  velocity  of  E  due  to  the  actual  rotation  about  O  C  is 
the  resultant  of  the  velocities  due  to  the  rotations  about  O  A  and 
OB;  the  angular  velocities  being  proportional  to  the  lengths  laid 
off  on  the  axes  respectively. 

To  prove  the  same  proposition  for  a  particle  at  D",  whose 
projection  on  the  third  plane  is  O,  it  is  to  be  considered  that  the 
perpendicular  distance  of  this  point  from  the  three  axes,  O  A,  O  B, 
and  O  C,  is  identical,  being  the  line  marked  O"  D'  and  O'  I>  on 
the  first  and  second  planes;  so  that  the  velocities  of  D  due  to 
the  three  rotations  are  simply  proportional  to  the  three  angular 
velocities.  To  represent,  then,  those  three  velocities  as  projected 
on  the  third  plane,  draw  Oa,  0  6,  and  O  c  perpendicular  and 
proportional  respectively  to  O  A,  OB,  and  0  0.  It  is  evident 
that  Oa,  0  6,  and  Oc  are  the  sides  and  diagonal  of  a  paral- 
lelogram similar  to  O  B  0  A ;  and  therefore  that  the  velocity 
of  D**  due  to  the  actual  rotation  about  O  C  is  the  resultant  of  the 
velocities  due  to  the  rotations  about  O  A  and  O  B,  the  angular 
velocities  being  proportional  to  the  lengths  laid  off  on  the  axes 
respectively. 

The  proposition,  therefore,  is  proved  for  both  components  of  the 
velocity  of  a  particle  at  F* ;  and  it  holds  for  any  particle  whose 
projection  on  a  plane  perpendicular  to  the  axis  O  G  is  F* ;  that  is, 
for  every  particle  of  the  body,  and  therefore  for  the  whole  body : 
Q.RD. 

It  appears,  then,  that  rotations,  when  represented  by  lengths 
laid  off  on  their  axes  proportional  to  their  angular  velocities,  can 
be  compounded  and  resolved,  like  linear  velocities,  by  constructing 
paralielograms. 

8L  BMitow  mhmm  Mmtam^tfimM  Asm  CMpwiadM.    (A..  M.,  392). 
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— ^In  fig.  51,  let  O  A  be  a  fixed  axis,  and  about  it  let  the  plane 
A  O  C  rotate  witb  the  angular 
▼elocitj  a.  Let  the  plane  of 
projection  be  that  of  those  two 
axes  at  a  given  instant.  Let  O  C 
be  an  axis  in  the  rotating  plane; 
and  about  that  axis  let  a  second- 
ary piece  rotate  with  the  angular^ 
Telocity  h  relatively  to  the  rotat-  pj-  5j^ 

ting  plane  J  and  let  it  be  required 

to  find  the  instantaneous  axis  and  the  resultant  angular  velocity 
of  the  secondary  piece.  From  the  principles  of  Article  80, 
Proposition  IL,  page  64,  the  following  rule  is  deduced: — 

On  O  A  take  O  a  proportional  to  a;  and  on  O  C  take  O  b 
proportional  to  6.  Let  those  lines  be  taken  in  such  direddous 
that  to  an  observer  looking  from  O  towards  their  extremities  the 
component  rotations  shall  seem  both  nght-handed.  Complete  the 
parallelogram  Obea;  the  diagonal  O c  will  be  the  instantaneous 
axis;  and  its  length  will  represent  the  reattUant  angular  vdocUy. 
Another  mode  of  viewing  the  question  is  as  follows : — 

Because  the  point  O  in  the  secondary  piece  is  fixed,  the  iustan" 
taneous  axis  must  traverse  that  point.  The  direction  of  that  axis 
is  determined  by  considering  that  each  point  which  arrives  at  that 
line  must  have,  in  virtue  of  the  rotation  about  O  C,  a  velocity 
relatively  to  the  rotating  plane,  equal  and  directly  opposed  to  that 
which  the  coincident  point  of  the  rotating  plane  has.  Hence  it 
follows  that  the  ratio  of  the  perpendicular  distances  of  each  point 
in  the  instantaneous  axis  from  the  fixed  and  moving  axes  respect- 
ively— that  is,  the  ratio  of  the  sines  of  the  angles  which  the 
instantaneous  axis  makes  with  the  fixed  and  moving  axes — must 
be  the  reciprocal  of  the  ratio  of  the  component  angular  velocities 
about  those  axes;  or  if,  in  symbols,  O  T  be  the  instantaneous  axis, 

sin  AOT  :sinCOT  :  :&  :a (1.) 

The  resultant  angular  velocity  about  this  instantaneous  axis  is 
found  by  considering  that  if  C  be  any  point  in  the  moving  axis, 
the  linear  velocity  of  that  point  must  be  the  same  whether  com- 
puted from  the  angular  velocity,  a,  of  the  rotating  plane  about  the 
fixed  axis  O  A,  or  from  the  resultant  angular  velocity,  c,  of  the  rigid 
body  about  the  instantaneous  axia  That  is  to  say,  let  C  D,  C  £ 
be  perpendiculars  from  C  upon  O  A,  O  T,  respectively;  then 

a  •  CD  =  c  •  CE ; 
bat  CD  :  CIE  :  :  sin  A  O  C  :  sin  C  O T;  and  therefore 

sin  C  O  T  :  ein  A  O  C  :  :  a  :  c; 
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and,  combining  this  proportion  with  that  given  in  equation  1,  we 
obtain  the  following  proportional  equation  : — 

Bin  C  O  T  :  sin  A  O  T  :  sin  A  O  C  ^ 

a  :  h  :  e    f (2-) 

:  :  Oa        :  06        :  O  c) 

That  is  to  say,  the  angular  vdocUiea  of  the  component  and  rendiaaU 
rotations  are  each  proportioned  to  the  sine  of  the  angle  between  the  axe$ 
of  the  other  two;  and  the  diagonal  ofiheparaU^U)gram  O  b  c  a  repre^ 
tente  bs^  tfie  direction  of  the  instantaneous  axis  and  the  angtdar 
vdocity  abotU  that  axis, 

82.  B-tniwg  €)mmma»  {A,  M,,  393.) — ^All  the  lines  which  suooes* 
sively  come  into  the  position  of  instantaneous  axis  are  situated  in 
the  surfieuse  of  a  cone  described  by  the  revolution  of  O  T  about 
O  C;  and  all  the  positions  of  the  instantaneous  axis  lie  in  the 
surface  of  a  cone  described  by  the  revolution  of  O  T  about  O  A 
Therefore  the  motion  of  the  secondary  piece  is  such  as  would  be 

E reduced  by  the  rolling  of  the  former  of  those  cones  upon  the 
itter.     Circukr  sections  of  the  two  cones  are  sketched  in  perspec- 
tive in  fig.  51. 

It  is  to  be  understood  that  either  of  the  cones  may  become  a 
flat  disc,  or  may  be  hollow,  and  touched  internally  by  the  other. 
For  example,  should  .^^  A  O  T  become  a  right  angle,  the  fixed  cone 
would  beoome  a  flat  disc;  and  should  ^^  AOT  become  obtuse, 
that  cone  would  be  hollow,  and  would  be  touched  internally  by 
the  rolling  cone ;  and  similar  changes  may  be  made  in  the  rolling 
cone. 

The  path  described  by  a  point  in  or  attached  to  the  rolling  cone 
is  a  splurical  qjitrochoid;  and  if  that  point  is  in  the  surface  of  the 
rolling  cone,  that  curve  becomes  a  spherical  epicycloid  It  will  be 
shown  in  the  next  chapter  how  to  draw  such  curves — ^uot  exactly, 
but  with  a  degree  of  accuracy  sufficient  for  practical  purposes. 

83.  BcMlBitoB  •€  HeUcmt  H^tlMi.— The  resolution  of  helical  or 
screw-like  motion  into  rotation  about  an  axis  and  translation  along 
that  axis  has  already  been  treated  of  in  the  last  section  of  the 
preceding  chapter.  It  remains  to  be  shown  how  a  helical  motion 
may  be  r^rded  as  compounded  of  two  rotations  about  two  axes 
which  are  in  diflerent  planes. 

In  fig.  52f  let  the  lower  part  of  the  figure  represent  a  plane  of 
projection,  and  O  A  and  O  B  the  projections  upon  that  plane  of 
two  axes  which  are  both  parallel  to  it,  but  not  in  the  same  plane. 
Let  the  upper  part  of  the  figure  represent  a  second  plane  of  pro- 
jection perpendicular  to  the  first  plane;  and  let  F  C  be  the 
projection  on  that  second  plane  of  the  common  perpendicular  of 
those  two  axes  (Article  36,  page  14).     Let  a  rigid  body  have  a 
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motion  oomponnded  of  two  rotations  about  the  two  axes  respect- 
iTely,  with  aDgolar  velocities  represented  by  O  A  and  O  B^  these 
lines  being  drawn,  as  before,  so  that  to  an  observer  at  O  each 
rotation  shall  appear  right-handed. 


Fig.  52. 

Comdbie  the  parallelogram  0  A  C  B,  and  draw  its  diagonal 
O  C.  Theni  if  the  axes  O  A  and  O  B  were  in  the  same  plane,  the 
rotations  aboat  them,  being  combined,  would  be  equivalent  simply 
to  a  rotation  represented  by  O  C,  as  in  Airtides  80  and  81,  pages 
64  to  66. 

Let  the  second  plane  of  projection  be  now  supposed  parallel  to 
O  C;  and  let  F  A',  (X  (T,  and  G'  B'  be  the  respective  projections 
of  O  A,  O  C,  and  O  B  upon  it  Draw  A  D,  B  E,  and  F  O  G 
perpendicular  to  O  C,  and  A  F  and  B  G  parallel  to  O  C.  It  is 
obvious  that  0  D  =  F  A',  O  E  =  G'  F,  and  F  O  =  O  G. 

According  to  Article  80,  Proposition  II.,  page  64,  the  rotation 
represented  by  O  A  may  now  be  regarded  as  compounded  of  a 
rotation  represented  by  O  D,  about  an  axis  of  which  O  D  and 
F  A'  are  the  projections,  and  a  rotation  represented  by  O  F,  about 
an  axis  of  which  O  F  and  the  point  F  are  the  projections;  also, 
the  rotation  represented  by  O  B  may  be  r^rded  as  compounded 
of  a  rotation  represented  by  O  E,  about  an  axis  of  which  O  E  and 
G'  B'  are  the  projections,  and  a  rotation  represented  by  O  G,  about 
an  axis  of  which  O  G  and  the  point  G'  are  the  projections. 

Then,  according  to  Article  76,  page  54,  the  rotations  about  the 
parallel  axes  F  A  and  G  F,  being  combined,  are  equivalent  to  a 
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rotation  about  an  intermediate  axis,  O  C,  in  tbe  same  plane,  wiOi 
an  angular  velocitj  represented  by 

O  C  =  O'  C  =  r  A?  +  G'  B' ; 

and  that  axis  of  resultant  rotation  divides  the  diAance  F  G'  in 
the  following  proportion : — 

O'CiFA'iG'B' 
:  :  F  G'  :  C  G'  :  O'  F. 

To  find  the  point  C  hy  graphic  construction,  draw  F  H, 
parallel  to  A  0  and  G'  B!  pandlel  to  B  O,  cutting  each  other  in 
H' j  then  through  H'  draw  H'  0'  C'  parallel  to  O  C. 

Moreover,  the  component  rotations  represented  bj  O  F  and  0  G, 
about  the  axes  F  and  G',  are  of  equal  and  oppoedte  angular  velocitks ; 
and  therefore,  according  to  Article  76,  page  54,  they  are  equivalent 
to  a  translation  in  the  direction  O  C,  with  a  velocity  represented  hj 
the  product  O  F  •  F  G. 

That  translation  being  compounded  with  the  resultant  rotation 
represented  by  O  0,  gives  finally,  for  the  resultant  motion  of  tbe 
body,  a  heliccU  motion  abotU  the  axis  u^aae  projections  are  O  C  and 
O  O. 

The  pitch  of  that  helical  motion,  or  advance  per  turn,  is  found 

by  multiplying  the  rate  of  advance,  O  F,  F  G',  by  the  time  of  one 

6*2832 
revolution,    ^  p  ;  and  is  therefore  equal  to  the  eircumferenee  oj 

O  F  •  F  G' 
a  cirde  whoee  radius  is  — ^yp — .     Draw . F  K!  perpendicular  to 

O  B,  and  G'  K'  perpendicular  to  O  A,  cutting  each  other  in  E! 
(which  will  be  in  the  straight  line  H'  O  C).  Then  it  is  evident 
that  F  K'  G'  and  C  A  O  are  similar  triangles;  and  becaoaa 
D  A  =  O  F,  we  have  the  following  proportion : — 

OC:OF:  :FG'  ;  a  K^  «  ^   ..  f,  ^  ; 

Therefore  the  pitch  of  the  resuUatU  helical  mo^im  is  equal  io  the 
circumference  of  a  circle  whose  radius  is  O  K';  and  the  rate  qf 
advance  may  he  represented  by  the  product  0  0*0'  K'. 

84.  BaUiag  liypgtib#toi<«.  Conceive  the  straight  line  O  C  to 
represent  an  indefinitely  long  straight  edge,  rigidly  fiwtened  to  the 
arm  O'  F^,  and  sweeping  along  with  that  arm  round  the  axis  0  A; 
then  conceive  the  same  straight  line  to  be  rigidly  fiistened  to  the 
arm  O'  G',  and  to  sweep  along  with  this  arm  round  the  axis  0  B. 
Thus  are  generated  a  pair  of  suzfiwes  called  Rolling  ffyperbclwdst 
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which  touch  each  other  all  along  the  straight  line  O  C.  Fig.  53 
ahowB  the  general  appearance  of  a  pair  of  roUers  of  that  form;  and 
in  Bg,  54  the  projections  of  their  figures 
are  given  with  greater  precision.  If  one 
of  those  bodies  is  fixed,  and  the  other  made 
to  roll  upon  it/they  continue  to  touch  each 
other  in  a  straight  line,  which  is  the  in- 
stantaneous axis  of  the  rolling  body;  and 
the  rotation  about  that  instantaneous  axis 
is  accompanied  by  a  sliding  motion  along  fig,  53. 

the  same  axis,  so  as  to  give,  as  the  resultant 

compound  motion,  a  helical  motion  about  the  instantaneous  axis, 
as  described  in  the  preceding  Article.  The  following  problem 
sometimes  occurs  in  mechanism : — 

Given,  the  angle  between  the  directions  of  two  itxea,  and  the  length 
qf  thtxT  common  perpendicular,  to  draw  the  prcjections  of  a  pair  of 
rolling  hyperhoUfide  qf  which  these  ehaU  be  the  axes,  and  <f  lo/iich 
one  shall  roll  on  the  other,  so  as  to  have  component  angular  velocities 
bearing  to  each  other  a  given  ratio. 

Let  the  lower  part  of  fig.  54  (see  next  page)  represent  a  plane  to 
which  the  two  axes  are  pmllel;  and  let  O  a  and  O  &  be  their  pro- 
jections on  that  plane,  with  lengths  laid  off  upon  them  proportional 
to  the  intended  component  angular  velocities.  Draw  b  e  parallel  to 
O  a,  and  a  c  parallel  to  O  6,  cutting  each  other  in  c;  O  c  will  be 
the  projection  of  the  line  of  contact,  or  instantaneous  axis;  and  the 
length  O  e  will  represent  the  resultant  angular  velocity  (as  in  the 
preceding  Article). 

Through  O,  perpendicular  to  O  c,  draw  O  G'  F,  and  lay  off  upon 
it  G'  F  equal  to  the  given  common  perpendicular;  and  let  the 
second  plane  of  projection  be  perpendicular  to  the  first  plane,  and 
parallel  to  O  c  and  G"  F.  To  find  the  projection  of  the  line  of 
contact  upon  this  second  plane,  proceed  as  in  the  preceding  Article; 
that  is,  draw  F'  H"  and  G'  H*  parallel  respectively  to  O  a  and  O  b, 
and  H'  C  parallel  to  O  c;  H'  C  will  be  the  required  projection. 
This  projection  may  also  be  found,  if  convenient,  by  either  of  the 
following  methods :  Draw  G'  K'  perpendicular  to  O  a,  and  F  K' 
perpendicular  to  06,  cutting  each  other  in  K';  and  then  draw 
H'  K'  (y  parallel  to  A  e;  or  otherwise: — ^Draw  g  c/ perpendicular 
to  O  e,  and  divide  F'  G'  in  the  following  proportion : — 

fg    :    ef  :  eg 
::FG':0'F  :0'G'. 

Draw  XT  O  Y  perpendicular  to  O  a,  making  O  U  =  O  Y  =  PC'; 
also  draw  Y  O  Z  perpendicular  to  0  6,  making  OY  ss  OZ  = 
Q  O^;  then  17  O  Y  and  Y  O  Z  will  be  the  projections  on  the  fint 
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plane  of  the  imaUea  WangvenB  sedians,  or  what  may  ^^«*  ** 
^'tkrwOa"  of  the  two  hyperboloida;  which  transvcrae  aectioQi  aw 
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circles  of  the  legpectiye  radii  FCVand  O'O".  The  projectioBS  of 
those  circles  on  the  second  plane  of  projection  are  tiie  ellipses 
XJ'  (y  Y'  and  V'  O  Z',  drawn  according  to  the  principles  of  Article 
37,  page  15. 

To  nnd  the  projections  of  a  pair  of  circular  transverse  aectioiis 
of  the  two  hyperboloTds,  which  shall  cross  each  other  in  snj 
given  point  of,  the  line  of  contact,  let  T  and  T  be  the  projectioDS 
of  that  point.  Then  draw  TL  perpendicular  to  aO,  and  TK 
perpendicular  to  50;  L  and  M  will  be  the  projections  of  the 
centres  of  those  circular  sections  on  the  first  plana  Draw  F  L' 
and  6'M'  parallel,  and  LL'  and  M' M'  perpendicular  to  Oc; 
U  and  M'  will  be  the  projections  of  those  centres  on  the  second 
pUne.     In  LO  take  LN  =  F(y,  and  join  NT;  then  in  LT 


produced,  take  L  Q  s=  N  T;,- this  will  be  the  radius  of  the 
section  of  one  hyperboloid;  and  Q  will  be  a  point  in  the  hjpecixds 
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TJ  Q,  which  is  the  loDgitudinal  section  or  trace  of  that  surface  on  a 
pbne  traversing  the  axis  F  L',  and  parallel  to  the  first  plane  of 
projection.  Abo,  in  M  O  take  MP  =  (j'  (X,  and  join  P T;  then 
in  M  T  produced  take  M  R  =  P  T ;  this  will  be  the  radius  of  the 
required  section  of  the  other  hjperbolold;  and  R  will  be  a  point 
in  the  hyperbola  Z  B,  which  is  the  longitudinal  section  or  trace  of 
this  sui&ce  on  a  plane  traversing  the  axis  G'  M'  and  parallel  to 
the  first  plane  of  projection. 

The  projection,  O  T,  of  the  line  of  contact  is  an  asymptote  to 
both  hyperbolas,  XJQ  and  ZR ;  and  their  other  asymptotes  are  OW, 
making  L  O  W  =  L  O  T,  and  O  X,  making  M  O  X  =  M  O  T. 

The  projections  on  the  second  plane  of  projection  of  the  two 
circular  transverse  sections  which  cross  each  other  at  the  point 
whose  projections  are  T  and  T  are  two  ellipses,  drawn  according  to 
the  principles  of  Article  37,  page  15. 

Ify  the  same  process  may  be  found  the  projections  of  any 
required  number  of  transverse  sections  of  the  two  rolling  hyperbo- 
loids^  and  of  any  required  number  of  points,  such  as  Q  and  R,  in 
their  longitudinal  sections. 

Additional  rules  relating  to  the  construction  of  such  figures 
will  be  given  in  the  next  chapter,  in  the  articles  which  treat  of 
their  application  to  skew-bevel  wheels. 

85.  Cyltedcff  H«lltaff  OMMpdy— The  same  kind  of  resultant 
motion  will  take  place,  if  for  the  rolling  hyperboloids  there  be 
substituted  a  pair  of  cylinders  described  about  the  axes  whose 

projections  are  O  A  and  O  B,  > ^^ 

fig.   52,  page   69,  with  the       ^.£_^ ^ HL-. 

reflective    radii    (V  P    and  ^        ^mbB^^^^^^^^BBT*^ 

O'G';  provided  the  axis  ofc ^^^^Q^^^B^^ 

the  rolling  cylinder  is  guided  /^  i\^^^^^ 

so    that    the    point    where  /  |  \      ^^^ 

it  is  met   by  the   common  /      «/      1   L  i 

perpendicular     F'  G'    shaU  I      '^"'ir'J^^^m 

revolve    in  a  circle  of  the  \  tK^^m 

ladius  F'G'  round  the  axis  \  ^^^^^m 

of  the  fixed  cylinder,  and  so  ^^«^_«^ii^^HI^^ 

that  the  inclination  of  those  |F{g^  55^ 

two  axes  to  each  other  shall 

remain  constant.  The  general  appearance  of  such  a  pair  of  cylinders 
is  shown  in  fig.  55.  They  touch  each  other  in  a  point  only,  and 
not  along  a  straight  line,  as  the  hyperboloids  do.  The  uniform 
transverse  sections  of  such  a  pair  of  cylinders  are  identical  with 
those  at  the  throcUe  of  the  corresponding  pair  of  hyperboloids. 
Further  explanations  as  to  obliquely-rolling  cylinders  will  be 
given  in  the  next  chapter,  under  the  head  of  screw-gearing. 

86.  Cmms  B«IIIbc  Oblio^*  — 1*^0  B^^®  ^^°^  ^^  resultant 


74 


GBOIIETBT  OF  MACHUnEBT. 


Fig.  66. 


motion  may  be  effected  also  by  aubetitufciiig  for  the  pair  of  hyper- 
boloids  of  fig.  64,  page  72,  the  pair  of  cones  which  touch  those 
hyperboloids  in  the  pair  of  circles  that  cross  each  other  in  any  given 
point,  T,  of  the  instantaneous  axis.     To  draw  the  projections  of 

those  tangent  cones,  let  O'  T' 
in  fig.  56  (as  in  fig^  54)  be 
the  instantaneous  axis,  O^  the 
point  where  it  cuts  the  comr 
mon  perpendicular,  and  lY  the 
intended  point  of  contact  of 
the  cones.  From  O',  perpen* 
dicular  to  CT',  draw  O'*  = 
O'  H'  in  fig.  56;  join  T  A;  and 
!.  perpendicular  ioTh  draw  A  j/, 
"^  cutting  the  instantaneous  axis 
in  p'.  Then  a  plane  normal  to 
the  instantaneous  axis  at  j/ 
passes  through  the  summits  of 
t)oth  the  required  tangent 
cones.  Therefore,  in  fig.  54, 
onOclayoff  OjD  =  0'p'  of  fig.  56,  and  draw  ^  p  r  perpendicular  to 
O c,  cutting  Oainq  and  O 6  in r;  q  and  r  will  be  the pn^j&dumM q^ 
the  summits  of  the  tangent  canes  on  thajirst  pkm$  (^pnjseiUnL  The 
projections  on  the  same  plane  of  the  longitudinal  sections  or  traces 
of  these  cones,  upon  planes  traversing  their  axes  parallel  to  the  fdane 
of  projection,  are  q  Q  and  r  R.  Also,  let  the  plane  of  ^.  56  be 
the  second  plane  of  projection,  and  let  F  U  and  G'  M',  as  in  fig. 
54,  be  the  projections  of  the  axes  of  the  hyperboloids,  and  F  O'  G' 
that  of  the  common  perpendicular.  Draw  ^p  r^,  cutting  those 
axes  in  ^  and  t^ ;  these  points  will  be  the  projections  of  the  summUe 
of  the  tangent  comes  on  the  second  plane  of  projedion.  The  projec- 
tions of  the  bases  of  these  cones  ou  the  same  plane  are  the  pair  <^ 
ellipses,  with  L'  and  M'  for  their  centres,  which  cross  each  other  at 
the  point  T,  as  in  fig.  54.  The  cones  touch  each  other  in  the 
point  T  only,  and  not  along  a  straight  line,  as  tha  hyperboloids  da 
Further  explanations  as  to  obliquely-rolling  cones  will  be  given 
in  the  next  chapter,  under  the  head  of  skew-bevel  wheels. 

87.   ll««4a  •r  Flexible  SeceBdarjr  Pieces — CerSe — ^Belti — CiMUaa. 

{A»  M.y  400,  401.) — The  flexible  pieces  used  in  machinery  may  bo 
classed  under  three  heads : — CordSy  which  approximate  to  a  round 
form  in  section;  ^tf/to,  which  are  flat;  and  Chains,  which  consist  of 
a  series  of  rigid  links  so  connected  together  that  the  chain  as  a 
whole  is  flexible.  Mr.  Willis  gives  them  all  the  common  name 
of  wrapping  connectors;  and  for  the  sake  of  brevity  in  stating 
principles  that  apply  to  them  all,  they  may  conveniently  be  called 
hands. 
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In  tmting  of  queationB  of  pore  mecbaaiEon,  the  cadr%  line  of  a 
land  is  treated  aa  being  of  in  variable,  length;  for  although  no 
mfaatanoe  is  aboolutelj  inextenaible,  and  although  when  a  band 
pnnnra  orer  a  curved  sur&ce  the  concave  side  is  shortened  and  the 
convex  aide  lengthened,  still  the  variations  of  length  of  the  centre 
line  of  the  band  are,  or  ought  to  be,  practically  inappreciable. 

In  order  that  the  figure  and  motion  of  a  band  may  be  deter- 
mined fiom  geometriod  principles  alone,  independently  of  the 
oagnitode  and  distribution  of  forces  acting  on  it,  its  weight  must 
be  innenaible  compared  with  the  tension  on  it,  and  it  must  every* 
where  be  tigki;  and  when  that  is  the  case,  each  part  of  the  band 
which  is  not  straight  is  maintained  in  a  curved  figure  by  passing 
over  a  convex  sor&oe.  When  a  band  is  guided  by  a  given  actusd 
sorfiKse,  the  centre  line  of  that  band  may  be  regarded  as  guided  by 
an  imaginary  sur&oe  parallel  to  the  actual  surface,  and  at  a 
distance  from  it  equal  to  half  the  thickness  of  the  band.  The  line 
in  which  the  centre  line  of  a  band  lies  on  such  guiding  surface  is 
the  skoriett  line  which  it  is  possible  to  draw  on  that  surface 
between  each  pair  of  points  in  the  course  of  the  band.  (It  is  a 
well-known  principle  of  the  geometry  of  curved  surfaces  that  the 
ceeulaUng  pUme  at  each  point  of  such  a  line  is  perpendicular  to  the 
curved  war&ce.) 

Hence  it  appears  that  the  motions  of  a  tight  flexible  band,  of 
invariable  length  along  its  centre  line  and  insensible  weight,  are 
r^nlated  by  the  following  principles : — 

L.  The  length  between  each  pair  of  points  in  the  centre  line  of  the 
hand  is  eonetanL 

IL  Thai  length  is  the  shortest  line  tchich  can  he  dravm  hettoeen  its 
extrendUea  over  the  surface  by  which  the  centre  line  of  the  hcmd 
is  guided. 

The  motions  of  a  band  are  of  two  kinds — 

I.  Travelling  of  a  band  along  a  track  of  invariable  form;  in 
which  case  the  velocities  of  all  points  of  the  centre  line  are  eqtial. 

IL  Alteration  of  the  figure  of  the  track  by  the  motion  of  the 
guiding  surfaces. 

Those  two  kinds  of  motion  may  be  combined. 

The  most  usual  problems  in  practice  respecting  the  motions  of 
bands  are  those  in  which  bands  are  the  means  of  transmitting 
motion  between  two  pieces  in  a  train  of  mechanism.  Such  problems 
will  be  considered  in  the  next  chapter. 

SB,  FiaM  OccmidtarT  Pi«cM.~A  mass  of  fluid  may  act  as  a 
secondary  piece  in  a  machine;  and  in  order  that  the  motion  of 
such  a  mass  may  be  a  subject  of  pure  mechanism,  the  volume 
occupied  by  the  mass  must  be  constant ;  and  that  not  only  for  the 
whole  mass,  but  for  every  part  of  it,  how  small  soever.  In  other 
words,  the  fluid  mass  must  in  every  part  be  of  constant  hulkiness; 


76  GBOnniT  of  KACHOnCBT. 

this  word  being  used  to  denote  the  Tolnme  filled  by  an  imit  of 
mass;  for  example,  the  number  of  cabic  feet  filled  bj  a  pound,  or 
the  number  of  cabic  metres  filled  by  a  kilogramme.  Eveiy  fluid, 
whether  liquid  or  gaaeous,  undergoes  yaiiatianB  of  bulkiiiesB 
through  Tariations  of  pressure  and  of  temperature ;  but  in  mechan- 
ism such  Tariations  of  bulkincss  may  be  either  so  small  that  thej 
may  be  disregarded  for  the  practical  purpose  under  consideratioQ 
(as  in  the  case  of  most  liquids),  or,  if  the  fluid  employed  be  gueous, 
th^  may  be  prevented  by  keeping  the  pressure  and  tempoatore 
constant. 

Under  such  conditions  the  motions  of  the  particles  of  a  fluid 
mass  are  r^rnlated  by  the  following  principle : — 

At  a  given  9eria  of  secUant  of  a  iiream  of  fivHd  of  emfmi 
buUnness,  the  mean  vdoeitie$  <U  each  imtani  of  Aepartidm  m  dtrw- 
liofu  nornud  to  tkoee  Bection»  rteptcHody^  are  inveredy  prof(0iwMl 
ioAeatreae^ftkeeeelione, 


7T 


CHAPTER  IV. 

OF  SUOfKHTABT  OOMBIHATIOHS  IS  MBCHASIBIL 

Sectiov  L — DefinUions,  General  Prineiplet,  and  Cla$$ificaiion, 

<*  Elementaxy  Combination"  in  Mechanism  (a  term  intiodaoed  br 
Mr.  Willis)  consists  of  a  pair  of  pximaiy  moving  pieces,  so  am- 
bccted  that  one  transmits  motion  to  the  other.  In  other  words^ 
Co  quote  the  Article  Mechanics  {Applied)^  in  the  eighth  edition 
ot  the  Eneye.  Brit) — 

"An  tiemenUury  eombinaiion  in  mechanism  consists  of  tvo 
j'ieces  whose  kinds  of  motion  are  determined  by  their  connection 
^  ith  the  frame,  and  their  comparative  motion  hy  their  connection 
with  each  other;  that  connection  being  effected  either  hy  direct 
contact  of  the  pieces,  or  hy  a  connecting"  (secondaiy)  ''piece" 
^^uch  as  a  band,  or  a  link,  or  a  mass  of  fluid),  ''which  is  not  con- 
L^-cted  with  the  finame,  and  whose  motion  depends  entirelj  on  the 
ttjotions  of  the  pieces  which  it  connects." 

"  The  piece  whose  motion  is  the  cause  ib  called  the  driver;  the 
pi^ce  whose  motion  is  the  effect,  the/oUowerJ* 

*"  The  connection  of  each  of  those  two  pieces  with  the  frame  is 
in  general  such  as  to  determine  the  ]ttth  of  every  moving  point.  In 
tLo  investigation,  therefore,  of  the  comparative  motion  of  the 
driver  and  follower,  in  an  elementary  combination,  it  is  unneces- 
sary to  consider  relations  of  angular  direction,  which  are  already 
£xed  by  the  connection  of  each  piece  with  the  frame;  so  that  the 
inquiry  is  confined  to  the  determination  of  the  velocity-ratio,  and 
oi  the  directional-relation  so  far  only  as  it  expresses  the  connection 
>i*-tween  /oruxurd  and  backward  movements  of  the  driver  and 
follower.  When  a  continuous  motion  of  the  driver  produces  a 
c>>ntinQon8  motion  of  the  follower,  forward  or  backward^  and  a 
reciprocating  motion  a  motion  reciprocating  at  the  same  instant, 
the  directional-relation  is  said  to  be  ccmstant.  When  a  continuous 
motion  produces  a  reciprocating  'motion,  or  vice  vered;  or  when  a 
reciprocating  motion  produces  a  motion  not  reciprocating  at  the 
same  instant^  the  directional-relation  is  said  to  be  variabU." 

90.  Wtaii  m€  CI— >fil»«  In  every  class  of  elementary  combina- 
tions, except  those  in  which  the  connection  is  made  by  reduplication 
of  cordSi  or  by  an  intervening  fluid,  there  is  at  least  one  strai^t 
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line  called  the  line  of  connection  of  the  driver  and  follower;  being 
a  line  traversing  a  pair  of  points  in  the  driver  and  follower 
respectively,  which  points  are  so  connected  that  the  component  of 
their  velocity  relatively  to  each  other,  resolved  along  the  line  of 
connection,  is  nulL 

91.  €*BiF«i«Ure  HMimM  •fOMOMotcd  P^laia  as4  PlecM.~From 
the  definition  of  a  line  of  connection  it  follows,  that  the  components 
of  the  vcUhMm  of  a  pair  qf  connected  points  along  their  line  of 
connection  wre  e^^wd.  And  from  this,  and  from  the  property  of  a 
rigid  body  already  stated  in  Article  54,  page  32,  it  follows,  that  the 
components,  along  a  line  of  connection,  ofcUlthe  points  traversed  by 
thai  line,  whether  in  the  drioer  or  in  thefoUower,  are  squaL 

The  general  principle  which  has  just  been  stated  serves  to  solve 
eveiy  problem  in  which — ^the  mode  of  connection  of  a  pair  of  pieces 
being  given — it  is  required  to  find  their  comparative  motion  at  a 
given  instant,  or  vies  versd. 

The  following  are  the  roles  for  applying  that  principle  to  the 
three  classes  of  problems  which  most  frequently  occur  with  refer- 
ence to  elementaiy  combinations : — 

I.  Fair  qf  Faints;  or  Fair  qf  Sliding  Pieces, — ^In  fig.  57,  lei  A  B 
be  a  line  of  connection;  and  let  it  be  taken  as  the  axis  of  projec- 
tion. Let  A  be  a  point  in  the  driver, 
and  B  a  point  in  the  follower,  both  in 
the  line  of  connection.  Let  A  a', 
6  A  a"  be  the  two  projections  of  the 
-  ^  direction  of  motion  of  A  at  a  given 
instant;  and  let  B  b%  B  6'  be  the  two 
projections  of  the  direction  of  motion 
6*  of  B  at  the  same  instant.  Lay  o% 
along  the  line  of  connection  and  in 
the  same  direction,  the  equal  distances 
A  a  ==  B  &;  dnw  a"  a  a',  b"  b  b'  perpendicular  to  the  line  of  con- 
nection; then  A  a'  and  A  a",  B  b'  and  B  b"  will  be  the  projections 

of  a  pair  of  lines  propor- 
tional respectively  to  the 
velocities  of  A  and  B  at 
that  instant  The  kngths 
of  those  lines  may  be  found 
y  by  the  Rule  of  Article  19, 
'    pig©  7. 

IL  Pair  qf  TumiMg 
Pieces,^lxi  fig.  58,  let  A  B 
be  the  line  of  connection  of 
a  pair  of  taming  primary 
piecea  Let  A  and  B  be 
the  points  where  that  line 
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i«  met  by  tbe  oommoii  perpendicnlara  fix>m  the  azeB  of  ratation  of 
the  two  pieces.  (As  to  finding  such  common  perpendiculars,  see 
Article  36,  page  15.)  Let  A  A' and  B  B'  be  the  rabatmenta  of 
tiiiise  two  perpendicolaTB,  drawn  in  opposite  direction&  Draw  the 
straight  line  A'  B'  (called  the  line  of  eerUres),  catting  the  line  of 
txiQQection  in  X. 

Then,  because  the  component  velocities  of  A  and  B  along  A  B 
are  equal,  the  angular  velocities  (or  the  component  angular 
Telodties)  of  the  driver  and  follower  about  axes  perpendicular  to 
A  B  must  be  to  each  other  in  the  inverse  ratio  of  die  perpendiculars 
A  A'  and  BR;  or,  what  is  the  same  thing,  in  the  inverse  ratio  of 
Oti  $agwiaU»  I  A'  and  I  B'  into  tokieh  the  line  of  centres  is  cut  hif 
tAe  line  <^  connection. 

Heooe  tiie  following  construction : — ^In  A  B  take  A  K  =  B  I 
(or  B  K  =  A  I) ;  and  through  K  draw  an  oblique  straight  line  in 
acj  convenient  direction,  so  as  to  cut  A'  A  produced  in  c  and  B"  B 
produced  in  <i;  then  the  component  ang^ular  velocities  of  the  pieces 
afcont  two  axesy  A  c  and  B  dy  perpendicular  to  the  line  of  connection, 
will  be  to  each  other  in  the  direct  ratio  of  A  c  to  B  d  Also  lay  off, 
in  opposite  directions,  the  angles  B  A  a  andy  B  6,  equal  to  the  angles 
which  the  two  axes  of  rotation  respectively  make  with  the  line  of 
CT/nnection,  and  draw  c  a  and  d  h  parallel  to  A  B,  cutting  A  a  and 
B  6  in  a  and  h  respectively.  Then  the  ratio  of  A  a  to  B  6  tmll  be 
thai  of  the  resultant  angidar  velocities  qfthe  ttoo  pieces, 

ThroQgh  A'  and  B'  draw  A!  a'  and  B'  6'  parallel  to  A  B;  and 
through  a  and  b  draw  aea'  and  bfb'  perpendicular  to  A  B.  Then 
the  ptoportion  borne  byca  =  A6=:A'ato(/6=: Bfzs:  B' b'  is 
that  of  the  component  angular  velocities  of  the  two  pieces  about 
axes  pandlel  to  the  line  of  connection  A  R  Also  A  a  and  A'  a' 
represent  the  projections  of  the  axis  of  rotation  of  the  first  piece 
upon  a  pair  of  plwes  which  cut  each  other  in  A  e,  one  perpendicular 
and  the  other  parallel  to  the  common  perpendicular  whose  rabatr 
ment  is  A  A';  and  B  b  and  B'  6'  represent  the  projections  of  the 
axis  c^  rotation  of  the  second  piece  upon  a  pair  of  planes  which  cut 
eadi  other  in  Bf,  one  perpendicular  and  the  other  parallel  to  the 
common  perpendicular  whose  rabatment  is  B  B 

IIL  Turning  Piece  and  Sliding  Piece, — In  fig.  58,  let  A  L  be 
the  line  of  connection  of  a  turning  piece  and  a  sliding  piece, 
and  let  it  be  taken  for  the  axis  of  projection;  and  let  one 
of  the  planes  of  projection  be  parallel  to  the  axis  of  the  turning 
piece.  Let  A  a  and  A  a'  be  the  projections  of  that  axis;  so 
thai  A  A'  perpendicular  to  A  L  is  the  common  perpendicular 
of  the  axis  and  the  line  of  connection.  Take  A  a  to  represent  the 
^ngwlmy  Telocity  of  the  turning  piece,  and  from  a  draw  a  e  parallel 
io  L  A,  cutting  A'  A  (produced  if  neoessaiy)  in  c.  Then  A  c  will 
fepraseni  the  component  angular  velocity  of  the  turning  piece 
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about  an  axis,  A  e,  perpendicular  to  A  L ;  and  the  product  A  A"  A  e 
VfUl  represent  the  component  vdodty  qfany  point  »n  A  L  along  thai 
line. 

Let  L  be  a  point  in  the  line  of  connection  and  in  the  sliding 
piece;  and  let  L  m  and  L  m'  be  the  projections  of  the  direction  of 
motion  of  that  piece.  Lay  off  any  convenient  length,  L  /,  to 
xepresent  the  component  velocity  of  the  sliding  piece  along  the  line 
of  connection,  and  draw  mlm'  perpendicular  to  that  line;  then  L  m 
and  L  m'  will  represent  the  tvoo  projections  of  the  vdocity  of  the 
folding  piece. 

Another  construction  is  as  follows : — Having  determined  the  angle 
which  the  direction  of  motion  of  the  sliding  piece  makes  with  the 
line  of  connection  A  L,  draw  A'  I,  making  the  angle  A  A'  I  equal 
to  that  angle;  then  the  velocity  of  the  sliding  piece  will  be  equal 
to  that  of  a  point  revolving  at  the  end  of  the  arm  A'  I,  with  the 
angtdar  vdocity  represented  by  Ac 

92.  AdUaMMCBta  •r  Bpeedk— The  velocity-ratio  of  a  driver  and  its 
follower  is  sometimes  made  capable  of  being  changed  at  will,  by 
means  of  apparatiis  for  varying  the  position  of  their  line  of  con- 
nection :  as  when  a  pair  of  rotating  cones  are  embraced  by  a  belt 
which  can  be  shifted  so  as  to  connect  portions  of  their  sui^Mses  of 
different  diameters.  Various  such  contrivances  will  be  described 
in  a  later  chapter. 

93.  A  TmiB  •f  BiccluiBiaai  consists  of  a  series  of  moving  pieces, 
each  of  which  is  follower  to  that  which  drives  it,  and  diiver  to  that 
which  follows  it.  In  the  case  of  a  train  of  elementary  combinations 
the  comparative  motion  of  the  last  follower  and  first  driver  is  found 
by  multiplying  together  all  the  velocity-ratios  of  the  several  element- 
ary combinations  of  which  the  train  consists,  each  ratio  having  the 
directional-relation  with  which  it  is  connected  denoted  by  means  of 
the  positive  or  negative  algebraical  sign,  as  the  case  may  be.  The 
product  is  the  velocity-ratio  of  the  last  follower  and  first  driver; 
and  their  directional-relation  is  indicated  by  the  algebraical  sign  of 
that  product,  found  by  the  rules,  that  any  number  of  positive 
fa/ctOTBf  and  any  even  number  of  negative  factors,  give  a  positive 
product;  and  that  any  odd  number  of  negative  fiictors  give  a 
negative  product 

94.  Bl«B«Biu7  C^ifctoattoM  CfauMdi.— The  only  classification  of 
elementary  combinations  that  is  founded,  as  it  ought  to  be,  on 
comparative  motion,  as  expressed  by  velocity-ratio  and  directional* 
relation,  is  that  first  given  by  Mr.  Willis  in  his  Treatise  on  Pure 
Meehaniem.    Its  general  plan  is  as  follows : — 

Class  A:  Directional-relation  constant;  velocify-ratio  constant 
Class  B:  Directional-relation  constant;  velocity-ratio  vaxring. 
Class  C:  Directional -relation  changing  periodically;  vdocity- 
ratio  constant  or  vaiying. 
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Each  of  those  classes  is  suhdivided  by  Mr.  Willis  into  fire 
di  visions^  of  which  the  characters  are  as  follows : — 

Divisioii  L — Connection  hy  rolling  contact  of  surfaces,  as  in 

toothless  wheels. 

—  ir. — Connection  by  sliding  contact  of  surfaces,  as  in 

toothed  wheels,  cams,  &c 

—  IIL — ^Connection  by  torapping  conneciora    or  handa, 

as  in  pulleys  connected  by  belts,  cords,  or 
chainsL 

—  lY. — Connection  by  link-toorky  as  in  levers  and  cranks 

connected  by  means  of  rods,  ^. 

—  T. — Connection  by  reduplicaiion  of  cords,  as  in  blocks 

and  tackle  used  on  board  ship; 

and  to  those  five  divisions  may  be  added — 

Division  YL — Connection  by  an  intervening  fluids  as  in  the 

hydraulic  press. 

In  the  present  treatise  the  principle  of  the  classification  of  Mr. 
Willis  is  followed;  but  the  arrangement  (as  in  a  Manual  qf  Applied 
Meehaniee^  already  referred  to)  is  modified  by  taking  the  mode  oj 
coTmedion  as  the  basis  of  the  primary  classification. 

WiUi  reference  to  classes  B  and  C,  in  which  the  velocity-ratio  is 
or  may  be  varying,  it  is  to  be  observed  that  two  kinds  of  problems 
arise  respecting  velocity-ratio:  the  determination  of  the  inatan- 
ianeoua  vdodiy-ratio  at  the  instant  when  the  pieces  are  in  one 
given  position;  and  the  determination  of  the  mean  vdocUy-raJtio 
daring  the  interval  between  two  such  instants :  the  latter  quantity 
is  the  raUo  of  the  entire  motions  of  the  pieces  during  the  intervaL 

Sectioh  IL^Of  Rolling  Contact  and  Pitch  Sur/acee. 


95,  PUch  flwrfiMcs  are  those  surfaces  of  a  pair  of  moving  pieces 
•which  touch  each  other  when  motion  is  communicated  by  rolling 
contact  The  line  of  oohtact  is  that  line  which  at  each  instant 
traverses  all  the  pairs  of  points  of  the  pair  of  pitch  sui&ces  which 
are  in  contact. 

The  motion,  rektively  to  the  line  of  contact  of  their  surfaces,  of 
a  pair  of  primary  pieces  which  move  in  rolling  contact,  is  the  same 
with  that  of  a  secondary  piece  and  a  fixed  piece,  of  which  the  former 
rolls  upon  the  latter,  as  already  described  in  Article  72,  page  51; 
Articles  74  and  75,  pages  53,  54;  Article  77,  page  56;  Article 
S2y  page  68,  and  Articles  84, 85, 86,  pages  70  to  74;  and  therefore 
the  proper  figures  for  the  pitch  sur&oes  of  such  primary  nieces  are 
the  same;  t£it  is  to  say,  cylinders,  cones,  and  hyperboloios. 

9&  TtiiMiM  whMK  ■■Botb,  TmiUms  hmIu.— Of  a  pair  of 
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primary  moTing  pieces  in  rolling  oontact^  both  may  rotate  or 
one  may  rotate  and  the  other  have  a  motion  of  straight  sliding.  A 
rotating  piece,  in  rolling  contact,  is  called  a  tootnleu  whed,  and 
sometimes  a  roller;  a  slidmg  piece  may  be  called  a  toothless  radL 

97.  Ideal  Pitcli  BarflicM.— The  designing  of  pitch  surfaces  is 
used  not  only  with  a  view  to  the  making  of  toothless  wheals  and 
toothless  racks  (which  are  seldom  employed),  but  much  oftener  a^ 
a  step  towards  determining  the  proper  figares  for  wheels  and  racks 
provided  with  teethl 

The  pitch  sur&ce  of  a  toothed  wheel  or  of  a  toothed  rack  is  an 
ideal  smooth  8urfjeu>e,  intermediate  between  the  crests  of  the  teetli 
and  the  bottoms  of  the  spaces  between  them,  which,  by  rolliug 
contact  with  the  pitch  surface  of  another  wheel,  woold  com- 
municate the  same  velocity -ratio  that  the  teeth  communicate  \*j 
their  sliding  contact.  In  designing  toothed  wheels  and  racks  the 
forms  of  the  ideal  pitch  surfaces  are  first  determined,  and  from 
them  are  deduced  the  forms  of  the  teeth. 

Wheels  with  cylindrical  pitch  surfaces  are  called  spur  tcftee^^; 
those  with  conical  pitch  surfaces,  bevd  taheds;  and  thoae  with 
hyperboloidal  pitch  sur&ces,  skeuhbevd  wheels, 

98.  The  Pitch  litae  of  a  wheel,  or,  in  circular  wheels,  the  pitch 
dBGLE,  is  the  trace  of  the  pitch  surfiice  upon  a  surfiiioe  per|)eii- 
dicular  to  it  and  to  the  axis;  that  is,  in  spur  wheels,  upon  a  plane 
perpendicular  to  the  axis;  in  bevel  wheels,  upon  a  sphere  described 
about  the  apex  of  the  conical  pitch  surface;  and  in  skew-bevel 
wheels,  upon  an  oblate  sphennd  generated  by  the  rotation  of  an 
ellipse  whose  fbd  are  the  same  with  those  of  the  hyperbola  that 
generates  the  pitch  surface.  The  pitch  line  might  be  otherwise 
defined,  in  most  cases  which  occur  in  practice,  simply  as  the  trace 
of  the  pitch  surface  upon  a  plane  perpendicular  to  the  axis  of 
rotation. 

The  PITCH  POINT  of  a  pair  of  wheels  is  the  point  of  contact  of 
their  pitch  lines;  that  is,  the  trace  of  the  line  of  contact  upon  (he 
surface  or  surfaces  en  which  the  pitch  lines  are  traced. 

The  piich  lifne  qf4i  retck  is  the  trace  of  its  pitch  sorfiue  on  a  plane 
parallel  to  its  <tirection  of  motion,  and  containing  its  line  of  con* 
nection  with  the  wheel  with  which  it  worka 

A  SECIOB  k  a  name  given  to  a  wheel  whose  pitch-line  forma  only 
part  of  a  circumferenoe :  sectors  are  used  where  the  motion  required 
18  reciprocating  or  *'rodcing,"  and  does  not  extend  to  a  oomplete 
Involution.  Everything  stated  respecting  the  figorea  of  complete 
wheels  appfiea  also  to  the  figures  of  sectors 

99.  ammtwmi  O— iitt—  m€  Pcrtbet  H«lltaff  C«MM  {A.  M.,  439.) 
—The  whole  ef  the  principles  which  regulate  the  motiona  of  a  pair 
of  primary  pieces  in  i>erfect  rolling  contact  follow  from  the  an^ 
principle,  tfiai  each  pair  of  points  in  ths  pitch  suifacss  Mohick  arw  in 
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at  a  ffiren  insUmi  must  ai  thai  instant  be  moving  in  the  same 
Sredicn  vfUh  the  same  velocity. 

The  diiectioii  of  motion  of  a  point  in  a  rotating  body  being  per- 
pendicular to  a  plane  passing  through  its  axis,  the  condition,  that 
tskch  pair  of  points  in  contact  with  each  other  must  move  in  the 
same  direction,  leads  to  the  following  consequences : — 

I.  That  when  both  pieces  rotate,  their  axes,  and  all  their  points 
of  contact,  lie  in  the  same  plane. 

IL  That  when  one  piece  rotates  and  the  other  slides,  the  axis  of 
the  rotating  piece,  and  all  the  points  of  contact,  lie  in  a  plane  per- 
pendicular to  the  direction  of  motion  of  the  sliding  piece. 

The  condition,  that  the  velocities  of  each  pair  of  points  of  con- 
tact must  be  equal,  leads  to  the  following  consequences : — 

IIL  That  the  angular  velocities  of  a  pair  of  wheels,  in  rolling 
contact,  must  be  inversely  as  the  perpendicular  distances  of  any 
f  eir  of  points  of  contact  from  the  respective  axes. 

lY.  That  the  linear  velocity  of  a  rack  in  rolling  contact  with  a 
wheel  is  equal  to  the  product  of  the  angular  velocity  of  the  wheel 
by  the  peipeodicular  distance  from  its  axis  to  a  pair  of  points  of 
eontAct. 

Reelecting  the  line  of  contact,  the  above  principles  IIL  and  IV. 
lead  to  the  following  conclusions : — 

V.  That  for  a  pair  of  wheels  with  parallel  axes,  and  for  a  wheel 
and  lack,  the  line  of  contact  is  straight,  and  parallel  to  the  axes  or 
axis;  said  hence  that  the  pitch  snifaces  are  either  cylindrical  or 
plane  (the  term  "cylindricsd''  including  all  sur&oes  generated  by 
the  motion  of  a  straight  line  parallel  to  itself). 

VL  That  for  a  pair  of  wheels  with  intersecting  axes  the  line  of 
contact  is  also  stno^t^  and  traverses  the  point  of  intersection  of 
the  axes;  and  hence  that  the  rolling  surfaces  are  conical,  with  a 
oofamoii  a^pex  (the  term  ^conical'*  induding  all  surfiices  generated 
by  the  motioin  of  a  straight  line  which  traverses  a  fixed  point). 

There  is  a  sort  of  imperfect  rolling  contact  which  Uikes  place 
between  hyperboloidal  pitdi  surfaces;  that  is  to  say,  there  is  a 
eliding  motion,  but  along  the  line  of  contact  of  the  snifaces  only ; 
so  that  the  component  motions  of  points  in  directions  perpen- 
dicdlar  to  the  line  of  contact  are  the  same  as  in  perfect  rolling 
cootect  This  kind  of  motion  will  be  considered  in  treating 
speaaSlj  of  skew-bevel  wheels. 

100.  WhMli  Willi  Pamllcl  Azefc— Given,  the  positions  of  the 
ptWlljJ  axes  of  a  pair  of  wheels,  and  their  velocity-ratio  at  a  given 
instani,  to  find  the  pitch-point  Fig.  59  represents  the  case  iu 
which  the  directions  of  the  rotations  are  contrary;  fig.  60  that  in 
which  ihej  are  the  ffune.  Let  the  plane  of  projection  be  perpendicu- 
lar to  the  two  axes,  and  let  A  and  B  be  their  traces;  so  that  A  U 
is  the  line  of  centrea     Perpendicular  to  A  B  draw  A  a  and  B  & 
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pTOportioiial  to  tbe  intended  angular  Yelocities.     Draw  the  atrai^t 
line  a  b,  cutting  A  B  (produced  if  necessarj)  iu  K.     Iaj  off  B  I  s 


Fig.  59. 


Fig.  CO. 


A  K  (or  A  I  =:  B  K)  j  I  will  be  the  required  pUA-fohU  or  trace 
of  the  line  of  contact 

The  line  of  connection  maj  be  any  straigbt  line  which  tia^ieiaea 
I,  or  whose  projection  traverses  I;  as  C  D.  Let  A  C  and  B  D  be 
perpendicuhu'  to  the  line  of  connection;  then  the  velocities  of  the 
points  C  and  D  are  identical;  and  the  perpendiculars  A  C  and  B  D 
are  inversely  as  the  angular  velocities  of  the  piece& 

101.  iriwci  mmd  ii«ck.^— Given,  at  a  given  instant,  the  angular 
velodtj  of  a  wheel  and  the  linear  velocity  of  a  rack,  to  find  their 
pitch-point     In  fig.  61,  let  the  plane  of  projection  be  perpen* 

dicular  to  the  axis  of  the  wheel,  and  let  A  be 

the  trace  of  that  axis.     Draw  A  I  peipen- 

dicular  to  the  direction  of  motion  of  Uie  rack, 

and  make  its  length  such  that  a  point  in  the 

wheel  at  I  shall  revolve  with  a  velocity  equal 

to  that  of  the  rack;  that  is  to  say,  make 

.  T         linear  velocity  of  rack      ^,       -     ,„ 

A  I  = = ,    ./    ^    .     ,;  then  I  will 

angular  velocity  of  wheel 

be  the  required  pUch-poini^ 

The  liue  of  connection  may  be  any  sirai^t 

line  whidi  traverses  I,  or  whose  projection  traverses  I;  as  C  U. 

Let  iUl  the  perpendicular  A  C;  then  the  velocily  of  the  point  C  in 

the  wheel  is  equal  to  the  component  velocity  of  the  lack  along 

O  U.     Draw  I  V  perpendicular  to  A  I,  to  represent  the  whole 

yeloaty  of  the  rack,  and  from  V  draw  V  U  perpendicular  to  C  U; 

it  is  evident  that  I  U  is  the  component  velocity  along  the  line  of 

connection;  and  that  AI:AC::IV:IF. 

102.  ciradw  whMi.  I.  ci»i»i_Tn  order  that,  in  an  elemen- 


Hg.  ci. 


taty  combination  of  wheels^  or  of  a  wheel  and  rack^  the  veloeity* 


CXBCULAB  WHEELS—SraAlGHT  RACK. 


85 


imtio  maj  be  constant  (so  that  the  oombination  shall  belong  to  Mr. 
Willifl^s  class  A)^  it  is  obviously  necessary  that  the  pitch-point 
daring  the  entire  roYolution  of  each  wheel  should  occupy  an 
iuTariable  pomtion  in  the  line  of  centres;  in  other  words,  the  pitch- 
line  of  each  wheel  must  be  a  circle,  and  that  of  a  nek  a  s^aight 
lineu  The  corresponding  forms  of  pitch-sur&ce  are : — for  a  spur- 
wheel,  a  circular  cylinder;  for  a  bevel-wheel,  a  cone  with  a  circular 
faaae^  and  sometimes  a  plane  circular  disc;  for  a  rack,  a  plane;  for 
a  skew-bevel  wheel,  a  hyperboloid  of  revolution.  Circular  wheels 
are  by  fiur  the  most  common,  the  cases  in  which  non-circular 
wkeela  are  used  being  comparatively  rare. 

103.  CtevBlar  flpar-wkccla.— Given,  a  pair  of  parallel  axes  and 
the  constant  velocity-ratio  of  a  pair  of  wheels  which  are  to  tniii 
about  them,  to  draw  the  pitch-circles  of  those  wheela  Fig.  62 
represents  the  case  in  which  the  directions  of  rotation  are  contiary ; 
fig.  63  that  in  which  they  are  the  same.  Let  A  and  B,  as  before, 
be  the  traces  of  the  axes  on  a  plane  perpendicular  to  them.    Find 
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Pg.  62. 

the  pitch-pointy  I,  as  in  Article  100,  page  83.  Then,  about  A  and 
fi^  with  the  raciii  A I  and  B I  respectively,  draw  two  circles;  these 
will  be  the  pitch-circles  required. 

In  fig  %2^  where  the  rotations  are  contrary,  and  the  pitch-point 
between  the  axes,  the  pitch-sui&ces  are  both  convex,  and  are  said 
to  be  in  "auUide  gearing.'*  In  fig.  63,  where  the  rotations  are  in 
the  same  direction,  and  the  pitch -point  beyond  the  axis  of  most 
rapid  rotation,  the  smaller  pitch-surface  is  convex  and  the  larger 
concave;  and  these  are  said  to  be  in  ** inside  gearing" 

104.  Cimlsr  Wheel  mmd  StnUckt  Badk— Given,  the  axis  of  a 
wheel,  the  direction  of  motion  of  a  rack  perpendicular  to  that 
Mjds,  and  the  distance  from  the  axis  of  a  point  in  the  wheel 
whose  velocity  is  to  be  equal  to  that  of  the  rack,  to  draw  the 
pitch-lines  of  the  wheel  and  rack.     In  fig  64,  let  A  be  the  trace 
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Fig.  64. 


of  the  axis  on  a  plane  perpeDdicnlar  to  it     Draw  A  I  peqwo- 
dioular  to  the  direction  in  which  the  rack  is  to  move^  and  of  m 

length  equal  to  the  given  diataaee;  thea, 
about  A,  with  the  radius  A I^  draw  a  drcfep 
and  thxongh  I  draw  a  straight  line^  M  N, 
touching  uat  circle;  these  will  be*ihe  re- 
quired pitdi-linea 

105.  dtecmitmr  B«f«l  Whxifc    GivCBy  a  |MUr 

of  axes  which  intersect  each  other  in  a  pointy 
and  the  constant  Tclociiy^iatio  of  two  wheels 
which  are  to  turn  about  those  axes,  to  draw  projections  of  the 
pitch-surfaces  of  those  wheels.  Let  the  plane  of  %  65  represent 
the  plane  of  the  two  axes;  let  O  A  and  O  B  be  their  positioos^  and 

0  their  point  of  inteisectioiL  Iaj 
off,  on  any  convenient  scale,  along 
1^  those  axes,  the  distances  O  a  mad 
O  b  rospeetiyelj  proportional  to  tlie 
intended  angular  velocities  (which, 
in  the  example  shown,  are  contrary). 
Draw  a  c  parallel  to  O  6,  and  6  c 
parallel  to  O  a,  cutting  each  other 
in  c;  draw  the  diagonal  O  c  C; 
this  will  be  the  line  of  contact ;  and 
the  required  pitch-surfiftces  will  be 
parts  of  two  cones  described  by 
making  O  C  sweep  round  O  A  and 
O  B  respectively,  and  having  their 
common  summit  at  O.  0  0  will  be 
one  of  the  traces  of  both  these  cones ; 
and  their  other  traces  will  be  O  G, 
making  the  angle  A  O  G  :=  A  O  C ; 
and  O  H,  making  the  angle  BOH 
=  600. 

In  any  convenient  position  on  the  line  of  contact,  marie  a  con* 
venient  breadth,  0  F,  for  the  rims  of  both  wheds,  so  that  O  F 
shall  be  their  actual  line  of  contact  Draw  0  A  G  and  F  D  K 
perpendicular  to  O  A,  and  0  B  H  and  F  E  L  perpendicular  to 
O  B;  then  0  G  K  F  and  O  H  L  F  will  be  the  projections  of  the 
two  wheels  on  the  plane  of  their  axea 

To  draw  the  projection  of  one-half  of  each  of  those  wheels  on  a 
plane  perpendicular  to  its  axis,  about  A,  with  the  radios  A  O, 
diaw  the  semicircle  0  M  G,  and  with  the  radius  A  R  =  D  F  draw 
the  semicircle  R  N  S;  these  will  be  parts  of  the  pitch-drcles  of 
which  0  A  G  and  F  D  K  are  projectioos,  and  will  form  the  re^ 
quii-ed  projection  of  one-half  of  the  rim  of  the  wheel  whose  axis  is 
U  A;  then,  about  B,  with  the  radius  B  0,  draw  the  semieiitla 
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Fig.  66. 


r  P  H«    and  with  the  ladins  B  T  =  £  F  draw  the  semieirole 
T  Q  XJ;  these  will  he  parta  of  the  pitch-circles  of  which  C  B  H 
and  F  E  L  are  projectioiiSj  and  will  fonn  the  reqtured  pnijectiou 
of  oD^balf  of  the  rim  of  the  wheel 
vhoee  axis  is  O  R 

The  proper  widths  for  the  rims 
of  wheela  will  be  considered 
further  on. 

The  penpective  sketch,  fig.  66, 
illostrates  the  case  in  which  one 
of  the  pitdi-sorfiioes  becomes  a 
fliit  disc  or  ring. 

106.  €»KBkw  flkew-BcTd  wkeeit  are  used  when  a  constant 
relocity'^mtio  is  to  be  communicated  between  two  pieces  which 
tnm  about  axes  that  are  neither  parallel  nor  intersecting.  Their 
piteh-su&ces  are  rolling  hyperboUnds ;  and  the  figures  and  principal 
dimenaioiis  of  such  hjrperboloids  are  determined  by  the  method 
already  described  in  Article  84,  page  70,  and  shown  in  fig.  54, 
page  72;  it  being  understood  tiiat,  in  that  figure,  O  a  and  O  h 
repwacut  the  intended  angular  velocities  in  conirairy  directiiam  of 
the  two  wheela. 

For  the  actoal  wheels,  narrow  sones  or  frusta  only  of  the  hjrper- 
bololds  an  naed,  as  shown  in  fig.  67.  Where  approximate  accuracy 
of  farm  Is  sufficient,  frusta  of  a  pair  of 
tan^^t  oones  (or  of  tangent  cylinders,  if 
the  pitdi-mdes  are  the  throats  of  the  hyper- 
bol<ribd8)  may  be  used;  the  figures  of  such 
er^nea  axid  cylinders  being  determined  as 
described  in  Articles  85  and  86,  and  shown 
in  hpL  K  and  56^  pages  73,  74. 

In   all   skew-berd  wheels  the  rolling 
motian  is  combined  with  a  relative  diding 
moikm  dUmg  ike  line  of  contact^  at  a  rate  equal  to  the  raie  of 
mdvm/meB  described  in  Article  83,  page  70. 

The  present  Article  contains  some  additional  rules,  whidi  may 
have  to  be  used  in  the  designing  and  execution  of  skew-bevel  wheels. 

In  fig.  68,  let  the  vertiod  line  through  O  represent  the  axis  of  a 
skew-bevel  whed,  O  A  s=  O  a  the  radius  of  its  throat,  and  O  C' 
a  generating  line,  or  line  of  contact^  in  that  position  in  which  it  is 
parslM  to  liie  plane  of  projection,  which  plane  is  supposed  to  pass 
tbrong^  the  axis. 

Draw  the  semicircle  A  B  a;  this  will  be  the  projection  of  half 
the  throat  of  the  hyperboloid  on  a  second  plane  of  projection^ 
perpendicular  to  the  axis  of  the  wheeL 

Let  C  O'  be  the  projection  and  trace  of  a  plane  perpendicular  to 
the  axis;,  and  chosen  as  a  convenient  plane  for  the  pitch-circle  in 
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the  middle  of  the  breadth  of  the  rim  of  the  intended  wheel,  mud 
let  that  projection  cut  O  CT  in  C. 
L  To  find  the  radws  of  th€  mUUU  pUA-eirde,  and  io  draw  iU 

I  projecUoriM.      Thitmgh 

/  B  draw  B  O  parallel 

^'*  to  O  A;    through   O 

draw  O  G  parallel  to 
the  axis,  cutting  B  0 
in  0.  Join  O  C;  tbia 
will  be  the  i^nired 
radiaSy  and  the  carde 
D  C  G  will  be  the 
projection  of  the  pitch- 
cirde  on  the  aeoond 
plane;  in  G'  CT  pro- 
duced take  G'  ]>  =: 
O  D  =  0  G=0  C; 
G'  D'  will  be  the  pro. 
jection  of   the   pitch* 
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point  whose  projections  are  1/  and  D. 


in  the 
hyperbolic  trace  of  the 
hyperbolold  on  the  first 
phme;  and  by  the  aame 
process  any  number  of 
points  in  that  trace 
may  be  found. 

II.  To  draw  a  noT'' 
maltoihe  pUeksyr/um 
in  the  fird  plane  of 
profeetian,  Perpendi^ 
cuiar  to  O  G'  draw 
C  H,  cutting  the  axis 
of  the  wheel  in  IL 
This  line  and  O  0  will 
be  the  projections  of  a 
normal  to  the  pitch* 
surface  at  the  point 
whose  projections  are 
CandC.  JoinHD'; 
this  line  and  O  D 
will  be  the  projections 
of  a  normal  to  the 
pitch -sutfu^e    at    the 
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ILL  To  draw  Hts  traees  of  a  tangetU  plane  to  tite  pUch  surface  at 
Ae  point  I^,  D.  The  line  ]>  D  Ib  the  trace  on  the  second  plane  of 
projection  J  and  the  trace  on  the  first  plane  is  D'^  perpendicular 
ioIXH. 

Another  process  for  finding  the  trace  D'  ^  is  as  follows : — About 
D,  with  a  radius,  D  £,  equal  to  C  B,  draw  a  circular  arc,  cutting 
the  dicle  ABain  £.  Through  £  draw  EIT  parallel  to  BO, 
catdng  O  A  in  E'.  The  straight  line  D  K  ^  will  be  the  trace 
required. 

D  £  and  D'  E*  are  also  the  projections  of  a  generating  line  of 
the  hypeibolold. 

lY.  Tan^eat  eone, — The  summit  of  the  tangent  cone  at  the 
pitcb-cirde  D*  G'  is  at  the  point  g,  and  D'  g  is  the  trace  of  that 
oone  on  the  first  plane  of  projection.  -  When  extreme  accuracy  of 
form  is  not  required,  a  portion  of  that  cone,  having  the  pitch-circle 
I>  G'  at  the  middle  of  its  breadth,  may  be  used  instead  of  the 
exact  hyperboloidal  surface  (Article  86,  p.  73). 

V.  Normal  spiral, — ^The  normal  spiral  is  a  curve  on  the 
hyperboloidal  sur&ce  which  cuts  all  the  generating  straight  lines, 
■Qch  as  those  whose  projections  are  E'  D',  O  C,  (fee.,  at  right  angles. 
Its  general  form  is  indicated  by  the  winding  dotted  curve  which 
ttxveneB  O  and  T  in  fig.  68.  It  has  an  uniform  normal  pUcJ^^ 
OT,  which  is  found  as  follows: — From  A  let  fiUl  AS  perpen- 
dieidar  to  OC;  then  the  normal  pitch  of  the  normal  spiral  is 
equal  to  the  circumference  of  a  circle  whose  radius  is  O  S  j  that  is 
toaay, 
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It  is  Dot  neoessaiy  to  draw  precisely  the  projections  of  the  normal 
spin] ;  but  for  purposes  connected  with  the  designing  of  teeth  for 
skew-bevel  wheels  it  is  useful  to  know  its  radius  of  curvature  at 
the  pitch-circle  chosen  for  the  wheel.     That  is  done  as  follows  :— 

About  G,  with  the  radius  GF  =  G/sBC,  describe  a  circle, 
catting  the  circle  A  Ba  in  F  and/;  from  which  two  points  draw 
F  F and// parallel  to  B  O.  (Or  otherwise,  lay  off  O  F  =  o/=  EF. 
y  G'  and  F  G  will  be  the  two  projections  of  a  generating  line.) 
In  O  H  take  O^  =  F  D';  join  F^,/'^,  and  pr^uce  both  these 
lines  as  far  as  may  be  necessary.  O  F  ^  will  be  the  rabatment  of 
the  triangle  whose  projection  is  O  F  G'.  In  O  H  produced,  take 
g k  ss  H,  jy;  through  h  draw  khl  perpendicular  to  F  G' ^  and 
caUmgf*gl  in  I:  through  ^  draw  /  m  parallel  to  O  A,  cutting  O  H 
produced  in  m;  then  g  m  will  be  the  radius  of  curvature  qjreven^ 
normal  spiral  at  the  point  where  it  crosses  tfte  pitch^rde  Q'  D\ 

(The  object  of  making  thb  construction  above  Instead  of  below 
tlie  point  g  is  merely  to  avoid  confusion  in  the  figui^) 
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Thronglipdrawtt^vpanllel  to  k  hi;  this  will  be  the  rabatinent 
of  a  tKDgent  to  the  normal  spiral  at  the  point  GT. 

To  fii^  the  radius  of  cnrvatave  of  a  normal  spinJ  at  the  throat 
of  the  hjperboloid,  in  O  H  take  O  to  =  O  A;  draw  xwtf  perpea- 
dicular  to  O  C,  and  y  z  panllel  to  O  A;  O  z  will  be  the  reqinred 
radios  of  corvatnre. 

The  lower  part  of  the  figure  shows  the  projection  on  a  plane 
through  the  axis,  of  a  pitch-circle  equal  to  the  pitch-circle  &  Jy, 
and  at  the  same  distance  from  the  throat  along  the  axis  in  the 
opposite  direction.  D  £  R  and  !>  E'  R'  are  the  two  projectiDns 
of  one  generating  line  extending  from  one  of  those  pitch-cudes  to 
the  other.  G'  F  R'  is  the  projection  of  another  such  generating 
line.  The  drawing  of  a  pair  of  equal  pitch-circles  may  sometiaDes 
be  useful  in  the  making  of  patterns  for  the  wheel  and  for  its  teeA. 

P,  P  and  N,  N'  are  the  projections  of  points  in  the  two  edges 
of  the  rim  of  the  wheel  When  the  exact  hyperboloidal  pitch- 
snr&ce  is  to  be  used,  and  not  merely  a  tangent  cone,  those  points 
are  to  be  found  by  a  process  similar  to  that  by  which  the  projeo- 
tions  D,  D'  are  found.  When  a  tangent  cone  is  used  as  am 
approximation,  they  are  simply  the  intersections  of  two  planes 
peii)endicular  to  the  axis,  with  a  tangent  in  the  plane  of  the  axia 

YI.  Radius  of  curvaiuf  fif  hypmrMic  trace, — ^In  constmetii^ 
the  pitch-sur&ce  of  a  skew-bevel  wheel,  it  is  sometimeB  uaefui  to 
determine  the  radios  of  curvature  of  the  hyperbolic  trace  of  that 
8ui&oe  on  a  plane  traversing  the  axis,  at  the  point  where  that  tnaee 
cuts  the  pitch-circle,  in  oxder  that  a  circular  arc  of  that  ndius 
may,  if  required,  be  used  as  an  approximation  to  a  small  arc  of 
the  hyperbolic  curve. 

In  fig.  68  A,  let  O  X  be  the  axis  of  the  hyperbolold,  O  A  the 
radius  ^  its  throaty  O  D  an  asymptote  (beings  as  before,  the  pn>- 
jection  of  a  line  of  contact  that  is  puallel  to  the  plane  of  prqjeotaon), 
and  X  Y  the  trace  of  the  plane  of  the  intended  pitch-drde.  Put 
of  the  following  process  has  already  been  described,  bat  it  wiU  be 
described  again  here,  to  make  the  explanation  complete : — ^Let  D  be 
tlie  point  where  X  Y  cuts  the  asymptote.  Lay  off  X  E^O  A; 
join  I)  E;  and  make  X  Y  =  D  E;  then  X  Y  will  be  the  radios  of 
the  pitch-circle,  and  Y  a  point  in  the  hyperbola.  Perpendicolar  to 
O  D  draw  D  F,  cutting  the  axis  in  F;  join  F  Y;  this  wiU  be  a 
normal  to  the  hyperbola  at  the  point  Y.  Thus  &r  the  prooeBS  ]m» 
already  been  described. 

Through  A  draw  A  B  parallel  to  the  axis,  cutting  the  asjrmiilote 
in  K  ¥vcm  B»  perpendicolar  to  O  B,  draw  B  5,  cutting  O  A 
produced  in  C.  Then  C  will  be  Hhe  centre  ^  emvakare,  ud  A  O 
ifie  radiue  qfeurvaiure  of  the  hyperbola  at  A;  that  is,  at  the  thniat 
of  the  hypMbolokd. 

^n  X  Y,  produced  both  ways  as  far  as  may  be  reqoirad,  tako 
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YH=AO,  YL  =  AC,  andYO==YP.     InYF  take 
Y  K  =  A  O:  join  H  F  and  K  O.    Through  L,  paiuilel  to  F  H» 


Fig.C8  A. 

dntw  li  M,  catting  F  Y  produced  in  M;  through  M,  parallel  to 
O  El,  dniw  M  N,  cutting  X  Y  L  produced  in  H ;  and  through  N 
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parallel  to  F  H,  draw  N  P,  catting  F  T  M  prodaced  in  P;  tlien 
P  will  be  ths  centre  of  curvature,  and  YF  the  radius  ofeurvaiwre  of 
the  hyperbola  at  Y.* 

YIL  Foci  qfhffperholic  trace, — ^To  find,  if  required,  the  foci  of 
the  hyperbolic  trace  of  the  pitch-siarface;  produce,  in  fig.  68  a,  the 
straight  line  O  A,  in  both  directions,  as  far  as  may  be  required, 
and  ky  off  in  itOQ  =  OQ'  =  OB.  Then  Q  and  Q'  will  be  the 
two  focL  The  well-known  property  of  a  hyperbola,  by  memos  of 
which  it  can  be  drawn  when  one  point  in  it  and  the  two  foci  are 
given,  is,  that  the  difference  of  the  distances  from  any  point  in  the 
curve  to  the  foci  is  a  constant  quantity;  for  example,  Y*  Qf  —  Y'  Q 
ssAQ'  —  AQ  =  2A0.  Instruments  founded  on  this  principle 
are  used  for  drawing  hyperbolas. 

107.     IfM-Clrcalar    WbMto    !■    OcmtbL     (A.    J/.,    443.)— Noik- 

circular  wheels  are  used  to  transmit  a  variable  velodty-ntio 
between  a  pair  of  parallel  axes.     In  fig.  69,  let  C.,  C^  represent  the 

axes  of  such  a  pair  of  wheels;  T^  T^,  a  pair  of  potnta 
^^  which  at  a  given  instant  touch  each  other  in  the  line  of 

contact  (which  line  is  parallel  to  the  axes  and  in  the 
same  plane  with  them);  and  Uj,  TJ^  another  pair  of 
points  which  touch  each  other  at  another  instant  of 
the  motion ;  and  let  the  four  points,  T,,  T^  U^,  U^  be 
in  one  plane  perpendicular  to  the  two  axes  and  to 
the  line  of  contact  Then,  for  every  such  set  of  fimr 
points,  the  two  following  equations  must  be  fbl* 
filled:— 

^^'•«^:  aroT.U,  =  aroT,U,;  M*) 

and  those  equations  show  the  geometrical  relations  which  most 
exist  between  a  pair  of  rotating  sur&oes  in  order  that  they  mar 
move  in  rolling  contact  round  fixed  axc& 

If  one  of  the  wheels  be  fixed  and  the  other  be  tolled  upon  it,  a 
point  m  the  axis  of  the  rolling  wheel  describes  a  circle  of  the  radius 
*Tn?  ^""*^  *^®  *™  o^  ^^  fixed  wheel 

The  eqiuitions  are  made  applicable  to  imUe  gearwt,  by  putting 
-  instead  of  +  and  +  instead  of  -.  ^'    /  f  -^-^^ 

•  The  algebrucsl  ezpmnons  of  thew  opentions  are  as  foUows:^ 
UtOA-6;  AB=ia;  0X  =  «;  XY  =  y; 
XP*m;YF  =  a;YP,p;AC-p.;th«n 


"•  ^  ^l'-'  *  =  V(^'  +  ~')5  ^'P.  p. 


*=\/(y' +»••); 
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The  angular  velocity-ratio  at  a  giren  instant  lias  tbc  value 

CiTi:C,T, (2.) 

Non-circular  wheels,  when  without  teeth,  may  he  called  B«iitec 
»$  and  in  order  that  motion  may  be  communicated  by  means 
of  a  pair  of  rolling  cams,  and  of  a  suitably  shaped  smooth  rack  or 
sliding  bar,  it  is  necessary  that  the  forces  exerted  by  the  two  pieces 
on  each  other  should  be  such  as  to  press  their  pitch-surfaces  together. 

Hie  following  are  the  general  problems  to  be  solved  in  designing 
non-circalar  wheeb : — 

I.  Giren^  ike  axis  and  pUek4ine  of  a  non-circular  tohed;  to  find 
approximaidy  the  axis  of  atwther  non-circular  whedtohich  shall  turn 
tn  rolling  eontaei  wiih  the  first  whed,  and  ofichieh  an  are  of  a  given 
length  on  the  pitck4ine  shall  subtend  a  given  angle. 

In  fig.  70,  let  the  plane  of  projection  be  a  plane  perpendicular  to 
the  axes  of  the  wheels.  Let  A  be  the  axis  of  the  given  wheel, 
B  C  its  pitch-line,  and 
B  its  pitch-point  at  a 
given  instant;  and  let 
A  B  be  part  of  the  line 
of  centres.  Also,  let 
B  D  be  a  straight  tan- 
gent to  BGatB;  and 
let  the  length  of  B  D  be 
the  length  of  the  arc  on 
the  pitch-line  of  the 
second  wheel  which  is 
to  subtend  a  given 
angle. 

In  B  D  take  B  O  =  ^  B  D,  and  about  G,  with  the  radius  O  D 
=  ]  B  D,  draw  a  circle,  CDF,  cutting  the  first  pitch-line  in  0. 
Then,  according  to  Rule  lY.,  Article  51,  page  29,  the  arc  B  C 
will  be  i^iproximately  equal  in  length  to  B  D.  Draw  and  measure 
the  straight  line  AC;  and  in  the  line  of  centres  take  A  £  =  A  C. 
Then  draw  the  straight  line  E  F,  making,  with  the  line  of  centres, 
the  angle  H  E  F  =:  the  complement  of  half  the  angle  that  the 
arc  of  a  length  equal  to  B  D  is  to  subtend,  and  cutting  the  circle 
C  D  F  in  F.  F  will  be  approximately  a  point  in  the  required  pitch- 
line  of  the  second  wheel;  and  B  and  F  will  be  the  two  ends  of  an 
arc  approximately  equal  in  length  to  B  D  and  B  C.  To  find  the 
axis  of  that  wheel,  find,  by  plane  geometry,  in  the  line  of  centres^ 
H  B  £^  the  centre,  H,  of  a  circle  which  shall  traverse  F  and  E; 
H  will  be  approximately  tilie  trace  of  the  required  axis. 

n.  To  find  a  poinl  in  the  second  pitch-line  whose  distance  firomBf 
as  measured  on  that  pitch4ine,  shall  be  approximaidy  equal  to  (my 
given  etrmghl  tangent,  B  L.    Take  B  N  ss^  B  L;  and  about  N, 
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with  a  radiiiB  N  L  =  f  B  L,  draw  a  ciiCQlar  arc,  cattmg  tin  fint 
pitch-liae  in  K.  Then  B  K  will  be  approzimately  equal  in  length 
to  B  L.  Join  and  measore  A  K,  and  in  the  line  of  oeotns 
take  A  M  =:  A  K.  Aboat  H,  with  the  xadins  H  M,  diaw  a 
dicukr  arc,  M  P,  catting  the  arc  K  L  Pin  P;  P  will  be  vffmd- 
matelj  the  required  point  in  the  second  pitch-line. 

By  repeating  the  aame  pcocesa,  any  nnmber  of  points  in  the  re^ 
qnii^d  pitch-line  of  the  second  wheel  maj  be  found  approzimatelj* 
The  error  of  the  two  preceding  roles,  in  what  maj  be  oooaidacd 
an  extreme  case— viz.,  where  the  pitch-line  of  the  fint  wberi 
coincides  with  the  straight  tangent  B  D,  and  the  ai^iki  B  H  F 
and  B  A  C  are  each  half  a  right  angle  (as  in  designing  a  rotter  t4) 
roll  with  a  sqnare  roller)— is  about  0-003  of  the  lei^  B  D  to  be 
laid  off,  and  is  in  excess;  the  arc  B  F  being  too  long  hj  tint 
fraction  of  its  length;  and  the  enor,  in  fractions  of  the  arc^  vanes 
nearly  as  the  fourth  power  of  the  angle  subtended  bj  the  ai&  To 
ascertain  whether  the  error  is  sensible,  and  to  correct  it  bjanoofid 
approximation,  proceed  as  follows : — 

III.  To  obtain  a  doser  approximation  to  tkB  reqwM  m 
and  pitchrline.  Having  drawn  the  pitch-line  B  F  by  Bole  lU 
measure  its  length  in  subdivisions  by  Rule  L  of  Article  51,  pa^ 
28,  and  compare  that  length  with  B  D,  so  as  to  ascertain  the  error. 
Divide  that  error  by  B  D,  so  as  to  express  it  in  fractions  of  tbf 
required  length.  Multiply  the  half-sum  of  the  greatest  and  Ica^t 
radii  by  the  fraction  expressing  the  ratio  of  the  error  to  the  reqain^ 
length;  the  product  will  be  a  correctianf  whidi  ia  to  be  appOed  t) 
the  lengths  of  the  line  of  centres,  A  H,  and  of  each  of  the  ladii 
H  B,  H  F,  H  P,  dec,  of  the  second  pitch-line;  that  is  to  mj,  it 
the  pitch-line,  as  at  first  drawn,  is  too  long,  each  of  those  straigfat 
lines  is  to  be  shortened  by  having  tiie  correction  sobtn^^ 
from  it. 

For  example,  in  the  extreme  case  already  cited,  where  the  fint 
pitch-line  is  a  straight  line,  B  D,  perpendlcdar  to  A  B;  and  sob* 
tending  half  a  right  angle  at  A,  and  the  second  pitch-line  is  to 
subtend  also  half  a  rigl^  angle  at  its  axis  H,  let  A  B  be  Ukai 
SB  unity;  then  we  have  (to  three  plaoes  of  decimals) 

B  C  =  B  D  =  A  B  =  1 -000 ; 

A  C  (coinciding  with  a  straight  line  from  A  to  D)  r=  14M;  vid 
the  application  of  Hule  I.  of  this  Article  gives  the  following  r^^ 
aa  first  approximations : — 

A  H  =  2-267;  H  B  =r  1-^67;  H  F  =  0-8M. 

Upon  drawing  the  second  pitdi-line,  B  F,  by  Bole  IL  of  tW* 
Astiole,  and  measminis  it  in  sobdiviaiQiia.  it  is  fimul  iA  ha  too 
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kttg  by  0-003  of  its  own  length;  which  being  multiplied  by 

s =  — g—  =  l-OoO,  gives  O-OOo  for  the  correction  to  be 

aahCractedfrom  the  line  of  centres  and  from  each  of  the  radii  of  the 
Meond  pitch-lin&     Thm  are  obtained  the  second  approximations, 

A  H  =  2-264;  H  B  =  1-264;  H  P  =  0-850. 

As  examples  of  non-circular  wheels^  the  following  may  be 
mentioned : — 

L  An  ellipse  rotating  about  one  focus  rolls  completely  round  in 
outside  gearing  with  an  equal  and  similar  ellipse  also  rotating  about 
one  focoBy  the  distance  between  the  axes  of  rotation  being  equal  to 
the  major  axis  of  the  ellipses,  and  the  velocity-ratio  varying  from 

1  -  eccentridfy  ^  l+_ecoentnciJy  ^^  ^^.^,^ 

1  +  eccentricity       1  —  eccentricity  ^  '^ 

IL  Lobed  wheels,  of  forms  derived  from  the  ellipse,  roll  com- 
pletely round  in  outside  gearing  with  each  other  (see  Article  109). 

IIL  A  hyperbola  rotating  about  its  farther  focus  rolls  in  inside 
gearing,  through  a  limited  arc,  with  an  equal  and  similar  hyperbola 
rotating  about  its  nearer  focus,  the  distance  between  the  axes  of 
rotation  being  equal  to  the  axis  of  the  hyperbolas,  and  the  velocity- 
ratio  vaxying  between 


eccentricity  +  1       , 

7-^  ./ ::  and  unity. 

eocentncitv  —  1 


eccentricity 

lY.  Two  logarithmic  spiral  sectors  of  equal  obliquity  rotate  in 
rolling  contact  with  each  other;  or  one  logarithmic  spiral  sector 
rotates  in  rolling  contact  with  the  oblique  plane  surface  of  a  sliding 
pece  (see  Article  110). 

10&  BiUftf*  wiwto.  The  following  rules  are  applicable  to  the 
drawing  of  the  pitch-lines  of  elliptic  wheels^  and  the  determination 
of  their  comparative  motions  :-* 

L  Givm,  the  angle  by  which  each  tohed  is  aUemcUdy  to  overtake 
mud  to/all  beMnd  ike  other,  and  the  length  qf  the  line  of  centres,  to 
draw  the  eUipee  which  is  the  figure  qfboth  pitch-lines. 

From  a  point,  B^  draw  two  straight  lines,  B  F  =:  B  F' s  half  the 
line  of  centres,  making  with  each  other  the  given  angle  F  B  F. 
Join  F  F,  bisect  it  in  O,  produce  it  both  ways,  and  make  O  A  = 
0  A' s=  half  the  line  of  centres.  Draw  B  B  perpendicular  to  A  A, 
making  0  B  =  0  B  Then  A  A  is  the  major  axis^  B  B'  the 
Elinor  azis^  O  the  centre,  and  F,  F,  the  two  foci  of  the  required 
dlipee^  irfiidi  may  be  drawn  bj  means  of  a  suitable  instrument  or 
Bachine^  or  by  the  well-known  process  of  putting  an  endless  thread, 
ci  a  length  s  2  A  F  =:  2  F  A ,  round  two  pins  at  the  foci,  and  a 
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pencil  equal  in  diameter  to  those  pins,  and  moving  the  pencil 
round  so  as  to  keep  the  thread  tight.  In  the  workshop  ellipses  of 
given  dimensions  can  be  drawn  with  great  precision  by  means  of 
the  turning  lathe,  fitted  with  apparatus  to  be  afterwards  referred  to. 
The  wheels  are  to  be  centred,  as  shown  in  fig.  72,  each  upon  one 
of  its  focL  The  ficed  foci,  which  are  thus  placed  in  the  axes  of 
the  wheels,  are  marked  A,  B,  in  this  figure,  and  the  revolving  focif 
C,  D.  The  ellipses  in  ^g.  72  are  similar  to  that  in  fig.  71,  but 
drawn  on  one-half  of  the  scale.    .  


Fig.  71. 


Fig.  72. 


IL  To  find  die  anfftdar  motions  and  the  angvdar  vdocUy-raiiup 
corresponding  to  a  given  position  of  the  piJtdi-poinL  Suppose  both 
wheels  to  have  started  from  a  position  in  which  A,  fig.  71,  is  the 
pitch-point,  being  at  the  distance  A  F  from  the  axis  of  one  wheel, 
and  A  F  from  that  of  the  other,  so  that  the  angular  velocity-ratio 
of  the  second  wheel  to  the  first  is  A  F  -^  A  F.  Let  C  be  a  new* 
position  of  the  pitch-point.  Draw  C  F,  C  F.  Tlien  the  angular 
motion  of  the  first  wheel  is  A  F  C ;  that  of  the  second  wheel  AFC; 
the  first  wheel  has  overtaken  the  second  wheel  to  the  extent  repre- 
sented by  the  angle  F  C  F  =  A  F  O  -  A  F  C;  and  the  veloeity- 
ratio  of  the  second  wheel  to  the  first  is  C  F  -t-  C  F. 

A  V 

The  angular  velocity-ratio  ranges  between  the  limits  ^— ^  and 


AF 


AF 


•j--^ ;  and  its  mean  value  in  each  half-revolution  is  unity;  becanae 

each  half-revolution  is  made  in  the  same  time  by  both  wheels. 
The  instantaneous  velocity-ratio  is  unity  when  the  pitch-point  la  at 
B  or  B';  because  B  F  ==  B  F. 

IIL  OivenfiU  any  instant,  the  position  of  one  of  the  rsvotving/oei, 
tojind  the  position  qfthe  other  revolving  Jocus,  and  qf  the  pUcU-poinL 
In  fie  72,  let  A  and  B  be  the  fixed  focL  With  a  radius  eq^ual  to 
the  distance  between  the  foci,  or  double  eccentricity  (F  F  m  fi^ 
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71 X  draw  circles  about  A  and  R  Let  C  be  the  given  position  of 
ofDe  of  the  revolving  focL  Then,  with  a  radius  C  D  =  A  B  (the 
line  of  centres),  diaw  a  circular  arc  about  C,  cutting  the  circle  round 
B  in  D;  this  will  be  the  other  revolving  focu&  Join  C  D,  cutting 
A  B  in  I;  this  will  be  the  pitch-point 

If  the  wheels  and  their  asdes  overhang  the  bearings,  the  revolving 
foci,  being  at  a  constant  distance  apart^  may  be  connected  by  means 
of  a  link,  C  D,  as  shown  in  fig.  72.  This  is  useful  in  elliptic 
toothed  wheels  of  great  eccentricity,  because  of  the  teeth  in  certain 
positions  of  the  wheel  being  apt  to  lose  hold  of  each  other. 

109.  !■•»•«  WkMfa*  are  wheels  such  as  those  shown  in  figs.  74  and 


75,  having  two,  three,  or  any 
greater  number  of  equal  great- 
est radii  (such  as  those  marked 
F  A'  in  fig.  74,  and  F  A"  in 
fig.  75),  and  also  of  least  radii 
(such  as  those  marked  F  a'  in 
fig.  74,  and  F  a"  in  fig.  75). 
Fig.  74  representB  a  two-lobed 
whed,  and  fig.  75  a  three-lobed 
wheeL  An  elliptic  wheel  maj 
be  ngarded  as  a  tm^Jabed  uJml. 


Fig.  73. 

Let  the  difference  between  the 


Kfr74. 


Fig.  75. 


greatest  and  least  radii  of  a  lobed  wheel  be  called  the  inMuaUty; 
so  that  in  an  elliptic  wheel  (fig.  71)  the  inequality  is  the  distance 

•  The  propevtiM  of  thoe  wheels  were  diKOvered  by  the  Berereod  W. 

H 
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between  the  fcHO,  F  F.  Then  any  pair  6[  lobed  wheels  in  which 
the  inequality  is  the  same  will,  if  properly  diaped,  work  togeUier 
in  rolling  contact,  and  that  whether  their  numbers  <^  loWs  Me  aaoy 
or  few,  the  same  or  different;  an^  this  statement  iadndes  ose- 
lobed  or  elliptic  wheels. 

The  advaatage  of  wheeb  with  two  or  more  lobes  is  thor  bdog 
self-balanced,  which  elliptic  wheels  are  not. 

The  following  are  the  rules  for  designing  lobed  wheds : — 

I.  Given,  in  a  pair  qf  equal  and  eimiiar  lobed  vakeels,  ike  amg^ 
iohich  each  wked  is  aUamaiel$f  to  overiaike  and  U>faU  fes^ww^^y^ 
v)hedyiksTmaad)eT<^U>beayandiimnye^  tofa^  ^T^tf^if* 
and  thence  the  greatest  and  least  radii  Multiply  the  giren  sBgte  oj 
the  number  of  lobes ;  then,  from  a  point  B" ,  fig.  73,  diaw  twohD<f«> 
B"'  P,  B"  F,  making  with  each  other  an  ang^e  equal  to  the  pwAict, 
and  make  the  length  of  each  of  them  equal  to  the  giwn  mcwj 
radius.     Draw  the  straight  line  F  F;  thia  will  be  the  reqeired 

inequalUy.  Bisect  F  F  in  O,  and  produce  it  both  ways;  "«» toy 
offOA"'  =  Oa"'  =  B"'F=:B"'F,  the  mean  radius;  then  FA  = 

F  a"*  wiU  be  the  greatest  radius,  and  F  A"  =  F  a"  the  lesst 
radius.  ^ 

II.  To  find  any  number  of  points  in  the  pUAMn^  In  fig.  ^^ 
with  the  miyor  axis  A''  a*,  and  the  loci  F  and  F',  dfawa«B*- 
elUpse  A"'  B*  a".  Then,  in  fig.  75,  draw  from  the  centre,  F,  the 
straight  lines  marked  F  A"',  dividing  a  complete  revolution  mtoM 
many  equal  parts  as  there  are  to  be  lobes  (in  the  present  «s^ 
three).  Make  eacb  of  these  lines  equal  to  the  greatest  radius 
(F  A"',  fig.  73).  Bisect  the  angles  between  them  with  the  stia^nt 
lines  marked  F  a"',  fig.  75,  and  make  each  of  the  latter  set  rf  u»^ 
equal  to  the  least  radiua  (F  a" ,  fig.  73).  Divide  the  half-revolotw^u 
in  fig.  73  into  any  convenient  number  of  equal  angles  by  ih«  ^^' 
ating  lines  F  1,  F  2,  &a,  meeting  the  ellipse  at  1,  3,  Aa  I>»^ 
each  of  the  angles  marked  A"  F  cT  in  fig.  75  into  the  same  number 


required  pitch-line. 

UL  TofindtheposUionso/themean  radii  of  the  reqidreip^' 
line.  Divide  the  angle  A"'  F  B*"',  in  fig.  73  by  the  number  ot 
lobes,  and  lay  off  the  quotient  for  each  of  the  angles  marked 
A"*  F  B^  in  fig.  75;  then  make  each  of  the  radii  F  V  '^  ^'  "'^ 
equal  te  F  &",  in  fig.  73;  these  will  be  the  required  in»^ 
xttdSL 

RuABX.— The  example  in  fig.  75  is  a  thrve-kbed  wheel  ^ 
two-lobed  wheel  of  ^g,  74  is  drawn  by  a  similar  process;  the  eUip« 
used  for  finding  the  ndii  being  A' B' a' in  lig.  75;  tiMfawqa^'V 
F  F;  and  the  angle  by  which  each  wheel  alternately  overtakes  and 
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fidfe  beiiiiid  another  equal  and  aiBiilar  wheel  being  apivhalf  of 
F  B*  F,  fig.  73. 

IV.  To  draw  tke  pUtMinet  of  a  9d  o/wheda  qfd^isrent  nuwbara 
<if  khm^  aU  of  which  dkaU  work  lekh  oaeh  odar  in  fMing  eon- 
^lc<.  Th%  inequality  nnist  be  the  same  in  each  wheeL  Let  F  F, 
tig.  73,  be  that  inequality;  and  let  O  be  the  centre.  A*  a"'  the 
major  axis,  and  O  B'*'  the  senu-minor  axis  of  the  ellipee  which 
>enre8  finr  finding  the  ladii  of  one  of  the  set  of  wheeb,  which  one 
whed  is  given*  Divide  O  B**  into  as  many  equal  parts  as  there 
sire  lobes  in  the  given  wheel;  say,  for  example,  three.  To  find  the 
figure  of  a  wheel  having  any  other  number  of  lobes  (say  two),  take 
tkfb  point  B"  at  that  number  of  divisions  from  0 ;  join  F  B",  F  B"; 
Liy  off  O  A"  =  O  o'  =  F  B'  =  F  B";  draw  the  ellipse  A"  B"  a"  with 
A*  a"  for  its  major  axis,  and  F  and  F'  for  its  foci;  this  will  be  the 
ellipse  for  determining  the  lengths  of  the  radii  of  the  new  (two- 
k>bed)  wheel. 

The  ellipse  A'  B'  a'  with  the  same  foci,  F  F,  whose  minor  semi- 
axis,  O  B* ,  is  one  division  of  O  B"',  is  itself  the  pitch-lioe  of  the 
«>ae-lobed  wheel,  which  will  work  in  roUii^  contact  with  any  wheel 
of  ^e  setb 

110.   I.«0HriihHrfe  9plnil   SccIot*  9m  Bellfas   GMMb— A  pair   of 

logarithmic  spiral  sectors  may  be  used  as  rolling  came^  to  com- 
municate  by  rolling  contact  an  angular  motion  of  limited  extent, 
in  the  coorae  of  which  it  is  desired  that  the  velocity«ratio  shall 
range  between  certain  limits.  The  general  nature  of  the  figure 
and  position  of  such  a  pair  of  sectors  may  be  represented  by  fig.  69, 

wee  9:2. 

The  only  cases  in  which  the  dimensions  and  figures  of  such 
wctors  can  be  determined  by  plane  geometry  alone,  without  the 
aid  of  calculation,  are  two,  viz. :  when  the  two  sectors  are  equal 
and  amilar,  so  that  the  sum  of  the  greatest  and  least  radii  of  each 
of  the  two  sectoTB  is  equal  to  the 
line  of  eentres;  and  when  the 
combinatiott  consists  of  one  sector, 
weridng  with  a  sliding  bar  or 
smooth  nek.  The  following  are 
the     rules    applicable     to     such 


L  Given,  in  Jig,  76,  the  least  and  j^ 
ffreaieal  radii,  O  A  and  OB,  o/  a 
io^mriikmic  spiral  motor,  and  the 
am^AOB  between  them,  to  find 
imtei  meduete  pouUe  in  the  pitd^line 
of  such  a  sector,  and  to  draw  thai 
piteh4me  apprtxeimaidy  by  metme 
i/ome  or  more  eireular  ares. 


Flg.7«. 
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Describe  a  circle  about  the  triangle  O  A  B;  that  is  to  saj,  bisect 
any  two  of  tbe  sides  of  that  triangle  (C,  £,  and  D  being  the  three 
points  of  bisection),  and  from  the  points  ci  bisection  diaw  perpen- 
diculaiB  to  the  sides,  meeting  in  F,  which  will  be  the  centre  of  the 
circle  through  O,  A,  and  R  Draw  the  diameter  O  F  C  H,  bisect- 
ing the  arc  A  H  B  in  H  and  the  arc  A  O  G  B  in  O.  Join  0  H 
(which  will  be  perpendicular  to  O  O,  and  will  bisect  the  sn^ 
A  O  B);  and  about  O,  with  the  radius  G  A  =  O  B,  draw  the 
circular  arc  A  K  B,  cuttbg  O  H  in  K  Then  K  will  be  a  point 
in  the  required  spiral;  and  A  K  B  will  be  the  nearest  ^ypcoxi- 
mation  to  the  spiral  arc  traversing  the  three  points.  A,  K 
and  By  that  it  is  possible  to  make  by  means  of  one  ciiailsr  are 
only. 

To  find  two  additional  points,  and  a  doaer  approximation  to  the 
curve,  treat  each  of  the  triangles  OAK  and  O  K  B  as  the 
triangle  O  A  B  was  treated;  the  result  will  be  the  finding  of  tvo 
more  points  in  the  spiral,  situated  respectively  in  the  radu  which 
bisect  the  angles  A  O  K  and  K  O  B;  and  the  drawing  of  tvo 
circular  arcs,  one  extending  from  A  to  K,  and  the  other  from  K 
to  B,  which  will  make  a  closer  approximation  to  the  Bfinl  are 
than  a  single  circular  arc  doea. 

The  next  repetition  of  the  process  wiU  give  four  additional  pouitf 
and  four  dreular  arcs;  the  next,  eight  additional  points  and  eight 
circular  arcs;  and  so  on  to  any  degree  of  precision  that  may  be 
required. 

The  radius  O  K  is  a  mecm propartumal  between  O  A  and  0  B; 
and  this  proper^  enables  its  length  to  be  found  by  calcolatioo,  if 
required 

The  MiquUjf  of  a  logarithmic  spiral,  being  the  an|^e  which  a 
tangent  to  the  spiral  at  a  given  point  makes  with  a  tangent  to  a 
circle  described  about  the  axis  through  that  pmnt,  or  &  eqo*^ 
angle  which  a  normal  to  the  spiral  at  the  same  point  makes  with  a 
radius  drawn  from  that  point  to  the  axis,  is  uniform  in  a  ffj^ 
spiral  In  fig.  76  the  equal  angles,  O  A  G,  O  H  G,  and  0  B  G, 
are  each  of  them  less  than  the  true  obliquity  of  the  spinl 
and  the  angle  O  E  G  is  greater  than  the  true  obliquity.  To 
obtain  the  closest  approximation  to  tiie  true  obliquity  pooiUe 
without  further  subdividing  the  angle  A  O  B,  jnooeed  si 
follows:— 

II.  To  find  Ae  approximate  obliquity.  In  H  E  take  H  L  s  i 
H  E;  join  L  G;  then  O  L  G  will  be  the  obliquity,  veiy  nesriy. 
In  otiier  words,  L  G  will  be  very  nearlv  parallel  to  a  nonnal, 
and  perpendicular  to  a  tangent,  to  the  true  snixal  at  the 
point  E.  o  -i«* 

II  A.  To  find  the  approxinuite  obliguity  (Another  method>  Bj 
Uule  L  or  Bnle  IL  of  Article  51,  page  28.  measure  the  appioxi- 
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mate  length  of  the  arc  A  B  in  fig.  76.     Then,  in  fig.  77,  draw  the 
■fenight  line  MN  =  OB  —  OA;  draw  M  P  perpendicular  to 

^        P M  N;  and  about  N,  with  a  radius 

equal  to  the  approximate  length  of 
the  arc  A  B,  draw  a  circuhir  arc, 
cutting  M  P  in  P;  join  N  P; 
then  the  angle  M  P  N  will  be 
approximatelj  the  required  obli- 
quity. . 

IIL  Given  (in  ^g,  76),  one  radius^ 
O  K,  tn  a  logartthmie  spired  of  a 
given  obliquity^  to  draw  approxi- 
tnatdy  a  eftori  are  of  thai  spiral 
through  K.  Draw  O  G  perpen* 
dicular  to  O  K ;  draw  K  G,  making 
O  K  G  =  the  angle  of  obliquity, 
ud  catting  O  K  G  in  G;  then,  with  the  radius  G  K,  draw  a  short 
dtcular  arc  through  K. 

IV.  To  draw  the  pitch-line  of  a  sUding  bar  uMch  shall  toork  in 
rolling  contact  with  a  given  logarithmic  spiral  sector,  A  O  B  (fig.  77). 
From  the  trace  of  the  axis  O  draw  O  Q  B  perpendicular  to  the 
direction  in  which  tlie  bar  is  to  slide,  making  O  Q  s  O  A,  and 
O  B  =  O  R  Find  the  obliquity  of  the  sector  by  means  of  one  or 
other  of  the  preceding  rules.  Let  I  be  any  given  position  of  the 
pitch-point,  and  let  T I S,  traversing  I  perpendicularly  to  O  Q  B,  be 
parallel  to  the  direction  in  which  the  bar  is  to  slide.  Draw  the 
straight  line  NIP,  making  the  angle  SIN  =  TIP  =  the 
obliquity;  then  draw  Q  N  and  B  P  parallel  to  T  I  S,  and  cutting 
N  I  P  in  N  and  P  respectively.  The  straight  line  NIP  will  be 
the  required  pitch-line;  and  N  and  P  wUl  be  the  jwints  in  it 
corresponding  to  A  and  B  respectively  in  the  pitch-line  of  the 
sector. 

At  the  instant  when  the  pitch-point  is  at  I,  the  velocity  of  the 
sliding  bar  is  equal  to  that  of  the  point  I  in  the  sector;  that  is  to 
aay,  angular  velocity  x  O  I;  agreeably  to  the  general  principle  of 
Article  101,  page  84. 

The  foUowing  rules  relate  to  the  solution  of  questions  respecting 
logarithmic  spiral  sectors  by  calculation. 

y.  Given,  two  radii  of  a  logarithmic  spiral  sector  (as  O  A 
and  O  B,  fig.  76),  and  the  angle  between  them  (A  O  B),  to 
find  the  ebUquity  of  the  spiral.  Take  the  hyperbolic  logar- 
ithm* of  the   ratio   vpv-;  divide  it  by  the  angle  A  O  B  in 


*  Hyperbolic  logarithm  of  a  ratio 
acjorly. 


coDUDoa  logarithm  x  2*30M 
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circnkr  measaie;*  the  qaotient  will  be    ihe   tangait  of  Uie 
obliquity. 

VI.  Givm,  l&«  Imst  and  greaUai  radii  of  a  loganikmic  gpiral 
met&r,  and  the  angle  between  them,  to  find  the  lengths  of  a  ieria  of 
intermediate  radii,  whidi  ehail  divide  that  angle  into  a  given  number 
of  equal  emaller  angles.  Take  the  difference  between  the  l<^r- 
ithms  of  the  greatest  and  least  radii;  divide  it  by  the  given 
Bfimber;  then,  oommencing  with  the  logarithm  of  the  least  radium 
compute  by  suoceaaive  ad^tions  of  the  quotient  a  aetifls  of  logar- 
ithms, increasing  by  uniform  differences  up  to  the  legaritbm  of  thp 
greatest  nidius;  these  will  be  the  logarithms  of  the  leqnirtd 
intennediate  radii 

VII.  Given,  <me  radius  and  the  MiquUy  of  a  logarithmic  spiral, 
to  find  the  length  of  a  radius  mahmg  a  given  angle  with  thegiten 
radius.  Multiply  the  given  angle  in  circuhir  measure  (see  "i^^ 
footnote  below)  by  the  tangent  of  the  obliquity;  to  the  P^"*;^ 
add  the  hyperbolic  logarithm  of  the  given  rsdius;  the  sum  will  w 
the  hyperbolic  logarithm  of  the  required  radius; — or  ^'^^■T^ 
ninlttplj  the  product  by  04343,  and  to  the  new  piodiKt  add  the 
common  logaritimi  of  the  given  radios;  the  sum  will  he  the 
common  logarithm  of  the  required  radios. 

YIIL  Given,  the  d^erenee  between  M«  greatest  and  ^J^ 
of  a  logarithmie  spiral  seizor,  and  the  obUqisitg  of  iHe  ^W-/t«^ 
to  find  ^  length  of  its  pUeUine,  Multiply  the  diffeMDoe  of  tbe 
radii  by  the  cosecant  of  the  obliquity,  t 

111.  FrictiMHd  CtauiBK^To  increase  that  friction  or  f^^f^ 
between  a  pair  of  wheels  which  is  the  means  of  transmitting  nrce 
and  motion  from  one  to  the  other,  their  snr£u9es  of  oontad  aiv 
sometimes  formed  into  alternate  ridges  and  grooves  parallel  to  the 

*  Bedactioa  of  ansrles  to  circnlar  measure — 


1  degree   «=  0*0174533  radios  length,  nearly. 
30  degrees  =  0*5236  „         „  „ 

60  degrees  =s  1 1H72  „         „  „ 

90degrees  a  1-5706  „  ,.  „ 

f  In  symbols,  the  equations  of  a  logarithmic  spiral  are  as  foUoWB:^||^^ 
be  the  radius  from  whose  directions  angles  are  redconed ;  r.  aay  otter  i«i^; 
the  aarie  iHuch  r  makes  with  a»  in  cirankr  measore;  f,tbe  eUi^*^''/ 


%  «oo  anew  wmca  r  maaes  wna  a,  m  ciranlar  aMasore;  ^  ttoe  eou^wv  - 
the  spiralj  s,  the  length  of  the  arc  from  a  to  r;  ^  the  radms  of  corr^s^^ 
the  «id  of  the  radius  r.    Then 

raoe**^*;  tan4»  s^hypilog.^ 
•  =  cotan  ^  •  hyp.  log,     ; 

»-(»■-«)  cosec  ♦  a  o  oosec  *  (« *  **°  t- 1 )  J 
P  —  r  tan  ^. 
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plftae  <if  rotetloiiy  oonstitathig  what  is  called  Jrietional  geuring. 
Fig.  78  ia  a  croas-aection  of  the  rim  of  a  wheel,  ilhiatmtizkg  the 
kind  of  fzietional  paring  invented  by  Mr.  Bobeitaon.    The  com- 

paivtive  mcytaon  of  apair  of  wheeb  thna ndged  and  grooTed  is  nearly 
the  same  with  that  of  a  pair  of  smooth  wheels 
in  Tolling  eontact^  having  cylindrical  or  conical 
pitcb-mnfiioes  lying  midway  between  the  tops  of 
the  ridges  and  bottoms  of  the  grooves 

The  rdativeinotion  of  the  sni&oes  of  contact  of 
the  riches  and  grooves  is  a  rotatory  sliding  or 
grinding  motion  about  the  line  of  contact  of  the         Fig:  78. 
ideal  pfitdi«Bin£u9es  as  an  instactaneoos  axis;  and 
the  angolar  velocity  of  that  relative  grinding  motion  is  equal  to 
the  angular  velocity  of  one  wheel  considerBd  as  rolling  upon  the 
o^ier  ma  a  fixed  wheel ;  which  may  be  found  by  the  principles  of 
Artide  77,  pi^  56,  and  Article  82,  page  QS. 

The  an^  between  the  aides  of  each  groove  is  about  40°;  and  it 
28  stated  that  the  mutual  friction  of  the  wheels  is  about  once  and 
a-half  the  force  with  which  their  axes  are  pressed  towards  each 


Qacmm  111.-0/  the  Pitch  and  A^umber  of  the  TeeUh 

qfWheek, 


112.  BatailMi  %BtWi  Tcdk  sBd  Filch  ■■WiieM    If atf  af  the 

•■•#Mt.  (iL  Jf.,  446.)— The  most  usual  method  of  communicating 
motion  between  a  pair  of  wheels,  or  a  wheel  and  a  rack,  and  the 
only  method  which,  by  preventing  the  possibility  of  the  rotation 
d  one  wheel  unlen  accompanied  by  the  other,  insures  the  pre- 
aervation  of  a  given  velocity-ratio  exactly,  is  by  means  of  a  series 
of  alternate  ridges  and  hollows  parallel,  or  nearly  parallel,  to  the 
floeeesatve  lines  of  contact  of  the  ideal  toothless  wheels  or  pitch- 
wmfaittSy  whose  velocity-ratio  would  be  the  same  with  that  of  the 
toothed  wheels.  The  ridges  are  called  Udk;  the  hollows,  spacei. 
The  teeth  of  the  driver  push  those  of  the  follower  before  them, 
and  in  so  doing  sliding  takes  place  between  l^em  in  a  direction 
acroas  their  lines  of  contact. 

The  properties  of  pitch-surfaces  and  pitch-lines,  and  the  art  of 
designing  them,  have  been  explained  m  the  preceding  section. 
The  figores  of  teeth  depend  on  the  principles  of  sliding  contact, 
which  belong  to  the  ensuing  section.  The  present  section  relates 
to  qnesticms  connected  with  the  manner  in  which  the  pitch-line  of 
a  whed  is  divided  by  the  acting  snr&oss  of  its  teeth,  without 
refetenee  to  the  figures  of  those  surfaces;  for  such  questions  do  not 
require  the  principles  of  sliding  contact  for  their  solution. 

113.  wuth  tHMmm^L   {A.  &.,  447.)— The  distance,  measured 
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along  the  pitch-line,  fiom  the  front  of  one  tooth  to  the  front  of  the 
next,  IB  called  the  pitch. 

114.  cicMna  PvtedpiM.  {A.  If.,  447.)— The  pitch,  and  the 
numher  of  teeth  in  wheels,  are  n^olated  bj  the  following 
princmles  :^ 

I.  In  wheels  which  rotate  continnonsly  for  one  rerolation  or 
more,  it  iB  obvioaaly  necesaaiy  thai  ths  pUch  thould  be  an  aliqwd 
part  of  the  eireuniferenee  of  the  pUehrline, 

In  racks,  and  in  wheels  which  reciprocate  without  performing  a 
complete  revolution,  this  condition  is  not  neoessaiy.  Sach  wheels 
are  called  aedors,  as  has  been  sheaAy  stated. 

IL  In  order  that  a  pair  of  wheds,  or  a  wheel  and  a  rack,  noay 
work  correctly  together,  it  is  in  all  cases  essential  thai  the  pitch 
should  be  the  eame  in  ea^ 

III.  Hence,  in  any  pair  of  wheels  which  work  together,  the 
numbers  of  teeth  in  a  complete  circumferenoe  are  inoersely  as  tli/e 
numbers  of  whole  reoolvJtions  in  a  given  time;  or,  in  other  words, 
directly  as  the  times  qfrevoluHon. 

lY.  Hence,  also,  in  any  pair  of  wheels  which  rotate  ooutinnoiiBly 
for  one  revolution  or  more,  the  ratio  of  the  times  of  revolution 
(being  equal  to  that  of  the  numbers  of  teeth),  and  its  reciprocal,  the 
ratio  of  the  numbers  of  revolutions  in  a  given  time,'mtijl  hoik 
he  expressible  in  whole  tiumhers. 

Y.  In  circular  wheels,  everything  stated  in  the  preceding 
principles  regarding  the  ratio  of  the  numbers  of  revolutions  in  a 
given  time  (in  other  words,  of  the  mean  angular  vdoeUy-raiio)  is 
true  also  of  the  angular  velocity-ratio  at  every  instant. 

115.  FrefHCMcr  ^T  c^^atact— Ba«aaa«€«0. — ^Let  n,  N,  be  the  re- 
spective numbers  of  teeth  in  a  pair  of  wheels,  N  being  the  greater. 
Let  t,  T,  be  a  pair  of  teeth  in  the  smaller  and  larger  wheel  respec- 
tively, which  at  a  particular  instant  work  together.  It  is  required 
to  find,  first,  how  many  pairs  of  teeth  must  pass  the  pitch-point 
before  t  and  T  work  together  again  (let  this  number  be  called  a) ; 
secondly,  with  how  many  different  teeth  of  the  larger  wheel  ^e 
tooth  t  will  work  at  different  times  (let  this  number  be  called  6); 
and  thirdly,  with  how  many  different  teeth  of  the  smaller  wheel 
the  tooth  T  will  work  at  different  times  (let  this  be  called  «). 

Oasb  1.  If  n  is  a  divisor  of  N, 

a  «  N;  6  =  ?;  c  =  1 (1.) 

Case  2.  If  the  greatest  common  divisor  of  N  and  n  be  <(  » 
number  less  than  n,  so  that  n^md^NsMc^  then 

aamN»Hn»Mm</;68M;c  =  m (1) 

Cask  3.  If  N  and  n  be  prime  to  each  other, 

os:Nn;6  =  N;c  =  n. (3.) 
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Ik  is  ooDflidered  deriraUe  bj  millwiightay  with  a  view  to  tlie 
preseiTation  of  the  muf<wmitj  of  shi^  of  tiie  teeth  of  a  pair  of 
'wheels,  that  each  given  tooth  in  one  wheel  should  work  with  as 
roanj  different  teeth  in  the  other  wheel  as  poesibla  Thej  there- 
fore stndj  to  make  the  nnmbers  of  teeth  in  each  pair  of  wheeb 
which  work  together  rach  as  to  be  either  prime  to  each  other,  or  to 
have  their  greatest  common  divisor  as  small  as  is  poesible  oon- 
sLstentlj  with  the  porpoees  of  the  machine. 

When  the  ratio  of  the  angolar  yelodties  of  two  wheels,  being 
reduced  to  its  least  terms,  is  ezpresaed  by  nomberi  less  tiian 
those  which  can  be  given  to  wheels  in  practice,  and  it  becomes 
necessary  to  employ  multiples  of  those  numbers  by  a  common 
multiplier,  which  becomes  a  common  divisor  of  the  numbers  of 
teeth  in  the  wheels,  millwrights  and  engine-makers  avoid  the  evil 
of  frequent  contact  between  the  same  pairs  of  teeth,  by  giving  one 
additional  tooth,  called  a  kunHng-cog^  to  the  laiger  of  the  two 
wheels.  This  expedient  causes  the  velocity-ratio  to  be  not  exactly 
but  only  approximately  equal  to  that  which  was  at  first  contem- 
plated; and  theref<»ne  it  cannot  be  used  where  the  exactness  of 
certain  velocity-ratios  amongst  the  wheels  is  of  importance,  as  in 
clockwork. 

116.  WMBHri  yhiii«.~The  tmaUest  number  of  teeth  which  it  is 
practicable  to  give  to  a  pinion  (that  is,  a  small  wheel),  is  r^ulated 
by  principles  which  will  appear  when  the  forms  of  teeth  are  con- 
sidered. The  following  are  the  least  numbers  of  teeth  which  can  be 
usually  employed  in  pinions  having  teeth  of  the  three  classes  of 
figares  nanaed  below,  whose  properties  will  be  explained  in  the 
Beqad: — 

L  Involute  teeth, 25 

IL  Epicycloidal  teeth, 12 

III.  Bound  teeth,  or  «toi«9, 6 


117.  ArktaMiiad  Bafca.— For  convenience  sake  the  following 
arithmetical  rules  are  here  given,  as  being  useful  in  the  designing  ^ 
toothed  gearing. 

I.  To  find  &e  pnm$/aeior$  of  a  gimn  wmh9r.  Try  the  prime 
numbers,  2,  3,  5,  7,  11,  Aa,  as  divisors  in  succession,  until  a  ]Nrime 
number  Iuub  been  found  to  divide  the  given  number  without  a 
remainder ;  then  tiy  whether  and  how  many  times  over  the  quotient 
is  again  divinble  by  the  same  prime  number,  so  as  to  obtain  a 
quotient  not  divisible  again  by  the  same  prime  number;  then  try 
Uie  division  of  that  quotient  by  the  next  greater  prime  number;  and 
8o  on  until  a  quotient  is  obtained  which  is  itself  a  prime  number; 
that  is,  a  number  not  divisible  by  any  other  number  except  1.  This 
final  quotient  and  the  series  of  divisors  will  be  the  prime  fiictors  <^^ 
the  given  number.    To  test  the  accuracy  of  the  process,  mul' 


106  GBOXETBT  OF  UAXXmSMJ. 

all  the  prime  £uioTS  togeiher;  the  prodoot  should  be  the  given 
number. 

IL  To  find  tka  greaUtt  oomrnon  muman  (otherwiae  oalled  ibe 
grmMiai  eommxm  diviaor)  qf  two  numben.  Dmde  the  ggemier 
nnmber  by  the  less,  so  as  to  obtam  a  qaotient,  and  a  remainder  leas 
tlian  the  divisor;  divide  the  divisor  by  the  remainder  aa  m,  new 
divisor;  that  new  divisor  by  the  new  remainder;  and  bo  od,  tuatil  a 
remainder  is  obtained  whidi  divides  the  previous  divisor  wiilioat 
a  remainder.  That  last  remainder  will  be  the  requiied  greatest 
common  measura. 

If  the  last  remainder  is  1,  the  two  numbers  are  said  to  be  *' prime 
to  each  other." 

JBmumpk. — Bequired,  the  greatest  common  measure  of  1420  and 

idoa 

Divisor,  1420)  1808  (1,  Quotient 

1420 

Remainder,         388)  1420  (3,  Qaotient 

1164 

Kcmainder,        256)  388  (1,  Qaotient 

256 

Bemainder,         132)  256  (1,  Quotient. 

132 

Bemainder,        124)  132  (1,  Quotient 

124 

Bemainder,        8)  1 24  (15,  Quotient 

120 

Remainder,        4)  8  (2,  Quotient 

The    last   remaindar,    4,   is   the   required   greatest   oommoB 
measure. 

III.  To  reduee  the  raUo  of  two  numbers  to  its  least  tenns, 
divide  both  numben  by  their  greatest  common  measure. 

«      _      ,     1808  ^  4      452 
For  example,  jj^^^_j  =  g^-^. 

TV.  To  exprtta  the  ratio  <if  two  numbers  in  iJte /arm  of  a  emikmti 
fraction.  Let  A  be  the  lesser  of  the  two  numbers,  and  B  the 
greater;  and  let  a,  b,  e,  d,  Ac.,  be  the  quotients  obtained  during 
the  proeem  of  finding  the  greatest  common  measure  of  A  and  B. 
liMn,  in  the  equation 
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B  =  a  +  1 

A  6  +  1 

c+1 

c?+  &a, 

tiie  right-band  side  is  the  oontinaed  fraction  required. 

To  mve  tftuoe  in  piintingy  a  continued  fraction  is  often  arrangecl 
as  follows: — 

The  ntio  of  two  incommensurable  quantities  is  expressed  by  an 
endleas  continued  fraction.     For  example,  the  ratio  of  the  diagonal 

to  the  side  of  a  square  is  expressed  l^  1  +  ^-^  ^ZL  04^  T^-  *^» 

without  end. 

V.  To  form  a  series  of  approocimations  to  a  given  ratio.     £xpress 
the  latio  in  the  form  of  a  continued  fraction.     Then  write  the 

quotients  in  their  order;  and  in  a  line  below  them  write  -r  to  the 

V  ft  of  the  first  quotient^  and  ^  directly  under  the  first  quotient, 

T,\en  oaknlate  a  aeries  of  finactions  by  the  following  role : — Multiply 
^W  fint  quotient  by  the  numetator  of  the  fraction  that  is  below 
it,  and  add  the  numerator  of  the  finaction  next  to  the  left;  the 
>«im  -will  be  the  nnmarator  of  a  new  fraction:  multiply  the  first 
ODotient  by  the  denominator  of  the  fraction  that  is  below  it,  and 
add  the  daiosniBStor  of  the  fraction  that  is  next  to  the  left;  the 
»=nm  viU  be  tiie  denominator  of  the  new  fraction;  then  write  that 
Ti^w  &aei]<m  under  the  aeoond  quotient,  and  treat  the  second 
^^H)tinrt»  the  fiaetioii  bdow  it,  and  the  fraction  next  to  the  left,  as 
^'tfore,  to  find  a  fraction  which  is  to  be  written  under  the  third 
qooticsit,  and  ao  on.    For  eoEsmple : 

Quotients,.. ..a,  b,   c,    d,  &c, 

Fractions^  i'  n'  ^  ;;?  l^*' 

n      O  +  g  _  a   n^  ^  1  +bn    «•  _  »  +  c n'     . 

m**l+0"*r  tii'"*0  +  6m'  m"  "^  m  +  c  m* ' 

452 
To  take  a  particular  case;  let  the  given  ratio  be  as  before,  ^^r^' 

then  we  have  the  following  series  :•«• 
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Quotients, 1     3    1     1     1     15       2 

.  0    1     1    4    5    9    U    219    453 

Fractions, 1     0    I     3    4    7     U     172    355 

Leas  or  greater  than  K    q    L   O  L    O    L      O 
given  ratio, J 

The  fractions  in  a  series  formed  in  the  manner  just  described  are 
called  converging  firadunUf  and  they  have  the  following  properties : — 
Fine,  each  of  them  is  in  its  least  terms;  sscoiuffy,  the  difference 
between  any  pair  of  consecutive  converging  fractions  is  equal  to 
unity  divided  by  the  product  of  their  denominators;  for  example, 

9^5     36 -35  ^1.9  _14^  99-98  ^1 
7      4       7  X  4        28'  7      11       7  x  11       77'  ^'      ^ 

are  alternately  less  and  greater  than  the  given  ratio  towards  which 
they  approximate,  as  indicated  by  the  letters  L  and  G  in  the 
example;  and,  fonrUdy^  the  difference  between  any  one  of  them 
and  tne  given  ratio  is  less  than  the  difference  between  that  one  and 
the  next  fraction  of  the  series. 

Fractions  intermediate  between  the  converging  fractions  may  be 

found  by  means  of  the  formula  i « — ,x  where  -  and  — ?  are 

^  km  +  km*  m        m 

any  two  of  the  oonveiging  fractions,  and  h  and  k  are  any  two  whole 

numbers,  pontive  or  n^ative,  that  are  prime  to  each  other. 

118.  A  Twwkim  mf  WhaelwMli  {A.  M.,  449,)  consists  of  a  aeries  of 
axes,  each  having  upon  it  two  wheels,  one  of  which  is  driven  by  a 
wheel  on  the  preceding  axis,  while  the  other  drives  a  wheel  on  the 
following  axis.  If  the  wheels  are  all  in  outside  gearing,  the  direction 
of  rotation  of  each  axis  is  contrary  to  that  of  the  adjoining  axes. 
In  some  cases  a  single  wheel  upon  one  axis  answers  the  purpose 
both  of  receiving  motion  from  a  wheel  on  the  preceding  axis  and 
giving  motion  to  a  wheel  on  the  following  axis.  Such  a  wheel  is 
called  an  idle  wked:  it  affects  the  direction  of  rotation  only,  and 
not  the  velocity-ratio. 

Let  the  series  of  axes  be  distinguished  by  numbers  1,  2,  3, 
Ac. ....  m;  let  the  numbers  of  teieth  in  the  driving  whmU  be 
denoted  by  ITs,  each  with  the  number  of  its  axis  affixed;  thus, 
Nj,  N^  Ac.  .  . .  .  N.  _. ;  and  let  the  numbers  of  teeth  in  the  driven 
or/oUcwing  wheeb  be  denoted  by  n's,  each  with  the  number  of  iU 

axis  affixed;  thus,  14,  n,,  dec. n^    Then  the  ratio  of  the 

angular  velocity  a.  of  the  m^  axis  to  the  angular  velocity  Oj  of  the 
first  axis  is  the  product  of  the  m  -  1  velodty-ratioa  of  the  succes- 
sive elementaiy  combinations^  vi&  :^ 

a^  ^  N,.  N^.  Ac. ....  y«_,. 
aj "~     f4  '  ft}  *  A&  . . . .  fi«    ' 


nBAm  or  WBXOJL  100 

that  is  to  8B7,  the  rdocitj-imtio  c€  the  last  snd  first  axes  k  the 
Tutio  of  the  product  of  the  numbers  of  teeth  in  the  dnrefs  to  the 
T  redact  of  the  nnmben  of  teeth  in  the  ibUoveis;  and  it  is  obTioos^ 
:  a.t  90  long  as  the  same  diiTers  and  foilovers  oonsdtate  the  train, 
t:.e  order  in  which  thej  sqcceed  each  other  does  not  affect  the 
!.-iitant  Telocity-radoL 

Supposing  all  the  wheels  to  be  in  ootaide  gearirg,  then,  as  each 
*:- mentaiy  combination  revctses  the  direction  of  rotation,  and  as 
:r.e  nimiber  of  demeniarr  oombiDationa,  m  —  1,  is  one  less  than 
tb?  number  of  axes,  m,  it  is  eri-kut  that  if  m  is  odd,  the  direction 
tf  rotation  is  preserved,  and  if  even,  reversed. 

1:  is  often  a  question  of  importance  to  determine  the  numbers  of 
v^:h  in  a  train  of  wheels  best  suited  for  ^ving  a  determinate 
T^.  idtr-imtio  to  two  axesL  It  was  fchown  hw  Toong,  that  to  do 
::.>  with  the  Icatt  ioUal  number  </  tesUt,  the  velodtv-r^ttio  of  each 
-  r  mentarw  comlanation  should  a{*prozima&e  as  nearl  v  as  possftJe  to 

0  •''.«.  This  would  in  aome  cases  give  too  manj  axes;  and  as  a 
c.Lvenient  piactical  rule  it  maj  be  laid  down,  that  frooi  3  to  6 

1  jht  to  be  the  range  of  the  velodij-tatio  of  an  dementaiy  oom- 
>  ;>.ition  in  wheel wixk.  * 

Let  -^  be  the  vekxitT-imiio  required,  reduced  to  its  least  tenns, 

iLd  let  B  be  greater  than  a 

If  p  is  sot  ^icistgi-  than  €,  and  C  lies  between  the  prescribed 

r  'r^imtim  mnnber  of  teeth  (whidi  may  be  called  (^  and  its  double 
1 '  then  <«e  pair  of  wheels  wiD  answer  the  purpose,  and  B  and  C 
''...  titeiBBelTes  be  the  numben  reqT:ired.  Should  B  and  C  be 
.:  -nvesiieBtly  large,  tier  are  if  pci^t/>  to  be  resolved  into  factors, 
i '  i  tiaoac  fsctoE%  <w.  if  ihcr  are  too  smalL  multiples  cf  them,  used 
:  r  tbe  nmnbcta  cf  teeth.'  Should  B  or  C,  or  both,  be  at  once 
-'-:>-i.-renicBEthF  large,  and  pcime,  or  should  they  contain  inoon- 

-z^tfiitly  large  prime  iacton,  then,  instead  of  the  exact  ratio  g, 

loIlfmiBtr  are  aone  ^"^'^^^^  of  thr  resshs  of  Yopt^'i  rcle,  the  fint 

Ti:iacaST'n4K«.  sbd  tiie  wocxmA^  tbc:  mnx^bcxs  cf  oesxKSitary 

of  w^eeii  acnad  to  czve  x^Mc&j-aXaKM  ntUrmwtiitf 


1         7        24        88        21s        112s        40&ft        14a96 
1         S        3         4  S  €  7 

T^  UZigmTD%  an  rxMXc\Zm  of  tike  raxhs  of  tl^e  aoiodiScd  nJe.  that  the 
-Btv:  cf  tbe  xcdocxtj-cttica  lor  cadk  eh  iiwiitiij  ocabtssaCioB 

1        €        K        ?1«        129S       T7T6 
12  3  4  5 
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aome  raJ^  approximating  to  that  ntioy  and  oapaUe  of  i«ioIatioxB 
into  oonTonieiit  hcbars^  is  to  be  found  bj  the  meUiod  of  ooniLntte4.l 
fractions  (see  Article  117,  page  106);  also  Willis  On  Mechanun*, 
pages  223  to  238^ 

Should  p  be  greater  than  6,  the  best  number  of  elementary 

combinations  is  found  by  dividing  bj  6  again  and  again  till  ^ 
quotient  is  obtained  less  than  unity,  when  the  number  of  divisions 
will  be  the  required  number  of  combinations^  m  —  1. 

Then,  if  possible,  B  and  C  themselves  are  to  be  resolved  eacli. 
into  m  —  1  factors,  which  factors,  or  multiples  of  them,  sball  be  uot 
less  than  <,  nor  greater  than  6  < ;  or  if  B  and  C  contain  incon- 
veniently large  prime  factors,  an  approximate  velocity-ratio,  found 

by  the  method  of  continued  fractions,  is  to  be  substituted  for  p,  as 

before.  When  the  prime  factors  of  either  B  or  C  are  fewer  in 
number  than  m  —  1,  the  required  number  of  fiiotots  is  to  be  made 
up  by  inserting  1  as  often  as  may  be  necessary.  In  multiplying 
factors  that  are  too  small  to  serve  for  numbers  of  teeth,  prime 
numbers  diffeL-ing  from  those  already  amongst  the  factors  are  to  be 
preferred  as  multipliers;  and  in  general,  where  two  or  more  &ctors 
i*equire  to  be  multiplied,  different  prime  nonriwra  should  be  used 
for  the  different  factors. 

So  far  as  the  resultant  velocity-ratio  is  concerned,  the  order  of 
the  drivers  N,  and  of  the  followers  n,  is  immaterial;  but  to  secure 
equable  wear  of  the  teeth,  as  explained  in  Article  115,  page  104, 
the  wheels  ought  to  be  so  arranged  that  for  each  elementary  com- 
bination the  greatest  common  divisor  of  N  and  n  shall  be  either 
1,  or  as  small  as  possible;  and  if  the  preceding  rules  have  been 
observed  in  the  choice  of  multipliers,  this  will  be  ensured  by  so 
placing  each  driving  wheel  that  it  shall  work  with  a  following 
wheel  whose  number  of  teeth  does  not  contain  any  of  the  same 
multipliers;  for  the  original  numbers  B  and  C  contain  no  oommon 
factor  except  1. 

The  following  is  an  example  of  a  ease  nequitiQg  the  use  of 
additional  multipliers : — Let  the  required  velocity-ntio^  in  its  least 
terms,  be 

B  _  360 
C  "    7  • 

To  get  a  quotient  less  than  1,  this  ratio  must  be  divided  by  6 
three  times,  therefore  m  -  1  =  3.  The  prime  fiictors  of  360  are 
2*2*2'3'3'5;  these  may  be  combined  so  as  to  make  three 
^Hctors  in  yarious  different  ways ;  and  the  preference  is  to  be  given 


Tiuiss — DiAnnuL  msd  kaixail  htcb.  Hi 


■>!i0e.  icsoiWsg  nomentfor  and.  de&omiiiaxor  into  tiiree  iactoDt 

"  a.  re  iiare 

B       5  ■  ?  ■  5 

c  ~  1  - 1 '  r 

I-  IS  next  necessary  to  mail:  j  !t  tl:e  factors  of  the  nnmentor  acd 

'  mnatflr  by  a  aet  of  three  multipliers.     Supfrjse  that  the  wheels 

"  ^^ed  are  of  sach  a  cia.*  that  the  sniAlle?!  fiLkn  has  12  teeth, 

'  dic-ae  inTilti{»li^:r3  m^ft  be  sccL  tLat  noDe  of  their  pTodracts  tr 

t:x:^g  factors  shall  be  less  than  It;  and  for  re&iODS  already 

*:  it  id  advisable  that  ther  iLould  be  dir-ireiit  prinie  nTimoera. 

'--  tbe  prime  nmnber^  2,  13.  17  ^2  bercff  taken  u>  moltijjj  7^,; 

-  the  nTrn^bers  of  te^rth  in  the  fcik/wers  will  be 

13  X   1  =  13;  17  X  1  =  17;  f  X  7  =  14. 

^"  '^istribatLcjy  the  maltrplirrs  amonr^  tLe  faiCtorB  of  the  mnn* 
*"r.  let  the  smai!est  m-iiltf:  li-er  be  ccrabii:ed  witii  the  largest 
-*'  r,  and  90  on  ;  then  we  have 

17  X  D  =  SJ;  13  X  8  =  104:  2  x  9  =  li 

•  :-aiiT,   in    ctymbuAn^  the   driverB  with  the  f-IIowers,  thc-se 
^>i>  are  to  Y^  cocliDed  whiih  have  no  ootam'/n  fe-cior;  the 

•"*^  •  t  beiitg  the  following  train  of  wL*:3tls : — 

^-5     I?     104  _  3» 
r4     13 "   17    ~     7 

''^-  Ma^KfliBl  MBd  mmstmi  nidk«— Tie  dlctm/stral  fit^  of  a 
'Lu-  wheel  i«  a  leoeth  beariijg  the  ^ame  propi^tioQ  to  the  pitch 
*'  r*^,  CI  ^ircuMir  ptUMj  that  the  diiiaet^T  of  a  cir-le  bear*  to  h.^ 
-  ijii£erti,<3e ;  and  the  rmi'^al  pildk  is  L^If  the  diametral  pitch- 
'i'-*j.«  words,  the  diametral  piv.k  is  to  *'-*e  f',ir.i  by  divi-iii.g  the 
-i.'2»^<y  of  the  piich-circle  by  the  n3K.f>Tr  cf  te*^  in  the  whole 
''-aiierenoe,  and  the  radial  puUrh  by  dividing  the  radios  by  the 
•'-^  tiumber.  In  «yiLrxyl*.  let  p  t^  ti-e  pi'ucrh.  yny^j  to  eailed, 
-'cifnt^f  pitch,  a«  meaFir^  ob  the  plah  drtrk:.  r  icme;  radios  of 
*-"  pitch  circiev  or  Qtum^rycil  raditis,  ax.d  »  the  nmr/^i^  4jf  teeth  ; 

.  -^t  Sametra]  pitch,  ai.d  ^  U^e  rtkljal  pitch;  then 

113        fr    ,  3:;5 

^=35i^=T'^^="^'^=ii3  7' 

«       113  r  fi7  710  7 

r      710^  "  »'  2'^       113  af 
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Wheels  are  sometimes  described  hy  stating  how  many  teeth  ifaejr 
have  for  each  inch  of  diameter;  that  is  to  say,  by  stating  ihe  rtdpro^ 

calqf  the  dUmetrtd  pitch  in  i«che,Q  =  ^Jj  and  the  phrase,  uaed 

in  so  describing  them  are  such  as  the  following : — A  ihrea-pUch  wheel 

is  a  wheel  having  three  teeth  for  each  inch  of  diameter ;  so  that 

1                              355 
g  ^  -s  inchy  and  p  s  jy^ «  inch  =  10472   inch;  a  ien-piich 

wheel  is  a  wheel  having  ten  teeth  for  each  inch  of  diameter;  so  that 

35*5 
q  =  O'l  inch,  and  p  =  j^s  ^^^  ^  0*31416  inch;  and  so  on. 

The  following  are  rules  for  solving  questions  regarding  radial 
and  circular  pitch  by  graphic  construction. 

L  Given^  the  circular  pilch  of  a  tohed,  to  find  the  radial  pit^ 
Draw  a  straight  line  equal  to  one-sixth  part  of  the  given  circular 
pitch,  and  then,  by  Rule  lY.  of  Article  51,  page  29,  find  the  two 
ends  of  a  circular  arc  approximately  equal  in.  length  to  that  straight 
line,  and  subtending  60*'.  The  chord  of  that  arc  will  be  the  re- 
quired radial  pitch  very  nearly,  being  too  long  by  about  one-900th 
part  only. 

This  may  be  expressed  in  other  words,  as  follows  (see  fig.  79) : — 
Let  A  B  be  a  straight  line  equal  to  one-sixth  of  the  given  drcnlar 

pitch.  Draw  the  equilateral  triangle 
ABC,  bisect  B C  in  D,  and  join  A  D; 
in  A  B,  take  A  £  =  i  A  B,  and  about 
£,  with  the  radius  £  B  =  j  A  B,  draw 
the  circular  arc  B  F,  cutting  A  D  pro- 
duced in  F;  A  F  will  be  the  required 
approximate  radial  pitcL 

If  greater  accuracy  is  required,  make 
the  straight  line  equal  to  one-twelfth  of 
the  circular  pitch,  and  let  the  an^e  sab- 
Fig.  79.  tended  by  the  arc  be  30^;  the  mdiiif  of 

that  arc  will  be  the  required  radial  pitch, 
correct  to  one-14,400th  part 

IL  Ghen,  the  radial  piich  of  a  wheel,  to  find  the  circular  piieh. 
With  a  radius  equal  to  six  times  the  given  radial  pitch  describe  a 
circle :  mark  upon  the  circumference  of  that  circle  a  chord  equal  to 
the  radius,  so  as  to  lay  off  an  arc  equal  to  one-sixth  part  of  de  cir- 
cumference; then,  by  Rule  L  or  IL  of  Article  51,  page  28,  dnw  a 
straight  line  approximately  equal  in  length  to  that  arc;  the  length 
of  that  straight  line  will  be  the  required  circular  |»tch,  veir  nearly. 
If  Rule  I.  IB  used,  the  straight  line  will  be  too  ahort  by  about 
^e-900th  part;  if  Rule  IL  is  used,  it  will  be  too  long  bj  about 
^e-3,600th  pait.    If  a  closer  approximation  is  required. 


POSmOKS   OF  PARALLEL  AXES — LATING-OFF  PITCH.  113 

tie  dronkr  pitch  by  both  rules;  then  to  the  length,  as  measured 
by  Rule  L,  add  Jour  times  the  length  as  measured  by  Rule  IL,  and 
djnde  the  sum  hjjive;  the  quotient  wiU  be  the  required  circular 
pitch,  correct  to  about  one-40,000th  part 

120.  MctetHre  PMlitou  «r  Pwaliel  Axes  la  Wkcclw«Elu— I.  Given, 

the  radial  pitch  and  the  numbers  of  teeth  of  a  pair  of  wheels  with 
[arallel  axes,  to  find  the  length  of  the  line  of  centres,  or  distance 
J^etwecn  the  axes.  Multiply  the  radial  pitch  by  the  sum  or  by  the 
(iitference  of  the  numbers  of  teeth,  according  as  the  wheeb  are  in 
ontside  or  inside  gearing. 

IL  Given,  the  length  of  the  line  of  centres,  and  the  numbers  of 
t<?eth,  to  find  the  radial  pitch.  Divide  the  given  length  by  the  sum 
or  the  difierence  of  the  numbers,  according  as  the  wheels  are  in 
cuudde  or  inside  gearing. 

IIL  Given,  in  fig  80,  the  perpendicular  distance  A  A*  between 
ttie  first  and  last  axes  of  a  train  of  wheels,  which  are  to  turn  about 


F'^rallel  axes  all  in  one 
I'lane,  and  the  numbers  of 
tteth  of  the  wheels;  re- 
'juired,  the  positions  of 
^^»e  several  pitch -points 
sod  intermediate  axes. 
From  one  end,  A,  of  the 
stmght  line  A  A",  draw, 
in  any  convenient  different 
<iirection,  another  straight 
line  A  o"*,  on  which  lay 
c^ff,  on  any  convenient 
^^  a  aeries  of  lengths 
proportional  to  the  num- 


F^80. 


*>era  of  teeth,  viz. :  A  t  for  the  first  driver,  t  a'  for  the  first  follower ; 
^  1  lor  the  second  driver,  i'  a  for  the  second  follower;  and  so  on. 
I^t  a*  be  the  end  of  that  series  of  lengths.  Draw  the  straight 
Vme  a*  A",  and  parallel  to  that  line  £:aw  a  series  of  straight 
^Jnei,  1 1^  a'  A,  dec.,  through  the  points  of  division  of  A  a",  cutting 
-^  A*  in  a  corresponding  series  of  points  of  division.  Then  A',  A', 
^e,  will  represent  the  intermediate  axes,  and  I,  T,  ^,  the  pitch- 
pointa 

121.    Mjmjim^^^m   Pilch,  mmA    SaMirisiMi    mi  Pilcli-t.lac«.— The 

^jiog-off  of  the  pitch,  or  of  any  multiple  of  the  pitch,  on  the  pitch- 
line  of  a  wheel,  is  to  be  performed  by  means  of  Rule  IIL  of  Article 
^1,  page  29.  The  laying-ofif  of  the  same  length  upon  several  dififerent 
pitch-lines,  so  as  to  find  correfponding  piU^-fxnnis  upon  them,  may 
^  performed  at  one  operation,  as  follows : — Let  the  straight  line 
A  G  represent  the  given  length.  In  A  G  take  A  0  =  4  AG; 
ftnd  about  C,  with  the  radius  C  G  »  )  A  G,  draw  a  circular  arc 
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D  G  D.**    Let  A  D,  A  ly,  Aa,  be  arcs  of  different  pitch-lines, 
touching  A  Q  in  Ay  and  cut  off  by  the  dotted  circular  arc;  each 

q,  of  these  arcs  will  be  approzi- 

T"       >?•"  mately  equal  in  length  to  A  G. 

As  to  the  operation  of  ^^pUclin 
ing^' — ^that  is,  division  of  a  pitch- 
circle  or  other  pitch-line,  or  of 
any  part  of  a  pitch*line,  into  any 
required  number  of  parts,  each 
equal  to  the  pitch — see  Article 
51,  Rules  V.  and  VI.,  pages  29 
and  30. 

Circular  and  straight  pitch- 
lines  maybe  subdivided  by  means 
of  "Dividing  Engines."  In  a 
dividing  engine  the  piece  upon  which  divisions  are  to  be  marked 
is  fixed  upon  a  suitable  support,  capable  of  turning  about  an  axis 
or  of  sliding  in  a  straight  line,  as  the  case  may  be,  and  moved  by 
means  of  a  screw.  By  ttrning  the  screw  a  motion  of  any  required 
extent  can  be  given  to  the  piece,  and  repeated  as  often  as  may  be 
necessary;  and  after  each  such  movement,  a  mark  is  made  on  the 
surface  to  be  divided  by  means  of  a  sharp  point  or  edge,  having 
a  movement  transverse  to  that  of  the  piece  to  be  divided.* 

Machines  are  used  by  mechanical  engineers,  with  movements  on 
the  principle  of  dividing  engines,  which  serve  both  to  pU^  wheels 
or  divide  their  pitch-circles,  and  to  cut  their  teeth  to  the  proper 
shape.     Such  machines  will  be  again  mentioned  further  on. 


Section  IV. — Sliding  Contact — Teeth,  Screw-Gearing,  and  Cams, 


122.  OeMtid  phhci»i«  •€  iNi^ac  c^atMt^The  line  of  ctmnec- 
turn,  in  the  case  of  sliding  contact  of  two  moving  pieces,  is  the 
common  normal  to  their  snr&ces  at  the  point  where  they  touch ; 
and  the  principle  of  their  comparative  motion  is,  that  the  com" 
ponenti,  along  that  normal^  of  the  vdocitiea  of  any  two  points 
iraverwd  by  it,  are  eqwU.  This  being  borne  in  mind,  all  questions 
of  the  comparative  motion  of  a  pair  of  primary  pieces  in  sliding 
contact  may  be  solved  by  means  of  the  Rules  of  Article  91,  p^ges 
78  to  80. 

The  acting  surfaces  of  a  pair  of  pieces  in  sliding  contact  may  be 
both  plane  or  both  convex,  or  one  convex  and  one  plime;  but  one 

*  For  descriptionfl  of  dividing  engines  for  pnrpoees  of  great  preddoii,  we 
Bamaden**  Deaeriptum  qfan  Engine  for  Dividing  MathemalicatlnstrumefUs^ 
1777 ;  Ranuden's  Description  of  an  Engine  for  Dividing  Straight  Lines,  1779 ; 
Holtzapffel  On  I^tming  and  Meehanicat  Manipulation,  vol  ii,  pages  639 
to  651 
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dih&a  only  can  be  ooncave;  and  in  that  case  the  other  must  be 
!i»07ez,  and  of  a  curvature  not  flatter  than  that  of  the  concaye 

121  Tcdk  m€   Whccfa  Mid  Hacka.     Owtiiwl  PilMilply.    (A.    M.^ 

4o!.p-The  figures  of  the  teeth  of  wheels  and  racks  are  regulated 
u  the  principle,  thai  the  teeth  shall  give  the  same  velocity-ratio  by 
i'*-ir  dviing  contact  tohidi  the  ideal  toothless  pitch-surfaces  woiUd  give 
\  tkeir  rolling  coniacL 

Let  B],  B2,  in  fig.  82y  be  parts  of  the  pitch-lines  of  a  pair  of 
^-rth,  I  the  pitch-point,  and  C^,  Oj  the  traces  of  the  axes. 
A  vrdiog  to  Article  91,  pages  78  to  80,  the  comparative  velocity 

'  :7o  connected  pieces  depends  on  the  position  of  the  point  where 
:>  line  of  connection  cuts  the  line  of  centres.  For  a  pair  of  smooth 
:  :<  j-isorfaces,  that  point  is  the  pitch-point  I ;  and  for  a  pair  of 
•  "^oes  in  sliding  contact,  it  is  the  point  where  the  line  of  connection 
:  lirse  surfaces  (being,  as  stated  in  the  preceding  Article,  their 

-iL-in  normal  at  the  point  where  they  touch)  cuts  the  plane  of 
Ajces.     Hence  the  condition  of  the  correct  working  of  the  teeth 
'  '^Lrrls  and  racks  is  the  following:— 

.  ^  line  of  connection  of  the  teeth  should  always  traverse  the  pitch* 

?.» 

}  T  example,  in  ^g,  ^2^  A|  T^  and  Aj  T,  may  represent  the 

'  -  of  parts  of  the  acting  surfaces  of  a  pair 

-^-^th  belonging  to  the  driver  and  follower 

-  :ively,  T^  and  Tj  a  pair  of  particles  in 

-  -nrtlices,  which  at  a  given  instant  touch 
.  oclier  in  one  point,  and  Pj  T^  Tj  Pg  the 

-•  n    normal    at    that   point;    then   that 
-ia  ought  always  to  traverse  the   pitch- 

-^:  the  instant  of  pa8siDg  the  line  of  centres 
■  iiit  of  contact  of  a  pair  of  teeth  coincides 
'lie  pitcb-pcdiit. 


:  TATt   of    the    FB05T    or   acting  surface  Fig.  82, 

v-:,th  '^'bich  pn'jjects  beyond  the   pitch- 
-    is    called   the   face;    that    jjart   which    lies  within   the 

-  -rue*,   the  FLAXK.     The  flanka  of  the  teeth  of  the  driver 
tie  {s^oe%  of  the  U-elh  of  the  follower,  and  the  faces  of  the 

-f  the   ciriver  drive  the  flanks  of  the  teeth  of  the  follower. 

-  TTe*-i<«iidirig  di"ii>ions  of  the  back  of  a  tooth  may  be  calle<l 
."S-FACK  ai*a  BACK-FLASK.  The  facc  of  a  tooth  in  outride  gear- 
^w^ys  convex;  the  flank  may  be  convex,  pUne,  or  concave. 
-^  the  SK>tK»n  of  a  fiair  of  wheels  is  reverend,  the  hacks  of 

'  ^ '  1  tiecc^ine  the  acting  ^urfaoes^ 
'^£»k  nTCH-POi5T  OF  ▲  TOOTH  IS  meant  the  point  where  the 
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pitch-line  of  the  wheel  cuts  the  front  of  the  tooth.  At  the  instaxi  'fc 
of  passing  the  line  of  centres,  the  pitch-points  of  a  pair  of  teetli 
coincide  with  each  other,  with  the  point  of  contact,  and  with  tlic 
pitch-point  of  the  pitch-Iine& 

The  DEPTH  of  a  tooth  is  the  distance  in  the  direction  of  a  radium 
from  root  to  crest ;  the  extent  to  which  the  crest  of  a  tooth  projects 
beyond  the  pitch-snrface  is  called  the  addendum;  and  a  line  paralle^l 
to  the  pitch-line,  and  touching  the  crests  of  all  the  teeth  of  a  whc^el 
or  rack,  is  called  the  addendum-line,  or,  in  a  circular  wheel,  tlic 
ADDENDUM-CIRCLE.  The  radlus  of  the  addendum-circle  of  a  circuUir 
wheel  is  called  the  beal  badius,  to  distinguish  it  from  the  radius 
of  the  pitch-circle,  which  is  called  the  geometrical  badius. 

Clearance  or  freedom  is  the  excess  of  the  total  depth  aboye  tlie 
working  depths  or,  in  other  words,  the  least  distance  between  tlie 
crest  of  a  tooth  of  one  wheel  and  the  bottom  of  the  hollow  between, 
two  teeth  of  another  wheel,  with  which  the  first  wheel  gears. 

The  pitch  of  a  pitch-line  is  divided  by  the  fronts  and  backs  of 
the  teeth  into  thickness  and  space.  The  excess  of  the  space 
between  the  teeth  of  one  wheel  above  the  thickness  of  the  teeth  of 
another  wheel  with  which  the  first  wheel  gears  is  called  plat  or 
back-lash;  because  it  is  the  distance  through  which  the  pitch-line 
of  the  driver  moves  after  having  its  motion  reversed  before  the 
backs  of  the  teeth  begin  to  act 

125.  fSwuimmmrf  DlHMastom  mT  TwtA, — ^The  following  are  cu«- 
tomary  dimendons  for  teeth,  taken  from  a  table  which  Mr. 
Fairbaim  gives  in  his  treatise  On  MiUwork  (see  fig.  83). 

It  is  to  be  understood  that  these  customaty  dimensions  may  be 
departed  from  when  there  is  any  sufficient  reason  for  doing  so. 
Examples  of  this  will  appear  in  the  sequel 
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Let  the  pitch  0  D  =  j^;  then 
Depth,  total,  A  B  =  075 p; 

Clearance  or  freedom,  B  B, I  -  /-  006  »  +  004  inch-* 

Al8o,  play  or  back-lash,  pD_cF/"^"""^^^""**°^' 

Depth,  working,  AE  =  0'75  p  — /*; 
Addendam,  A  Q  =  ^  A  E: 


Thickness,  C  F  =  ^ 


-/. 


Space,  P  D  =  ^4^ 

Thickness  of  ring  which  carries  the  teeth  (in  a  cast-iron  wheel) 
s  thickness  of  tooth  at  root. 

The  leaH  thickness  strident  for  the  teeth  of  a  given  pair  of 
wheels  is  a  question  of  strength,  depending  on  the  force  to  be 
exerted;  and  althongh  such  questions  properly  belong  to  a  later 
division  of  this  treatise,  it  may  be  convenient  to  state  here  the 
mle  generally  relied  on : — Divide  the  greatest  pressure  to  he  exerted 
bettceen  a  pair  of  teeth  in  pounds  by  1,500;  the  square  root  of  the- 
quotient  toill  be  the  least  projper  thickness  in  inches. 

For  pressures  expressea  in  kilogrammes,  and  thicknesses  in 
millimetres,  the  divisor  becomes  1*055;  the  rule  being  in  other 
respects  the  same. 

The  leaU  breadth  sufficient  for  the  fronts  of  teeth  is  a  quantity 
depending  on  dynamical  principles,  and  belonging  properly  to  the 
next  division ;  but  for  convenience  it  may  here  be  stated  that  an 
ordinaty  rule  is  as  follows : — Divide  the  greatest  pressure  to  be  exerted 
inpounds  by  the  pUch  in  inches,  and  by  160;  the  quotient  will  be  the 
breadth  in  inches. 

For  pressures  in  kilogrammes  and  dimensions  in  millimetres, 
instead  of  dividing  by  160,  multiply  by  9. 

126.  Teeth  Ur  ImMc  GcArimff.— The  figures  of  the  acting  surfaces 
of  teeth  for  a  pitch-circle  in  inside  gearing  are  exactly  the  same 
with  those  suited  for  the  same  pitch-circle  in  outside  gearing;  but 
the  relative  positions  of  teeth  and  spaces,  and  those  of  faces  and 
flanks,  are  reversed ;  and  the  addendum>circle  is  of  less  radius  than 
the  pitch»circle.  All  the  rules  in  the  ensuing  Articles,  with  these 
modifications,  may  be  applied  to  inside  gearing. 

127.  CJmmBMi  Velocity  a«4  BclatlT«  Telecltr  •€  Teeth— AprrMch 

•r  €«at»et*— The  common  velocity  of  a  pair  of 

*  O^H  inch  ^  1  millimHre,  nearly. 
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teeth  is  that  component  velocity  along  the  line  of  connection  which 
is  common  to  the  pair  of  particles  that  toach  each  other  at  a  given 
instant.  In  fig.  82,  page  115,  let  Oj  P^  and  Cj  Pj  he  the  two 
common  perpendicnlarB  of  the  line  of  connection  and  the  two  axes 
respectively,  and  let  o^  and  o^  denote  the  angular  velocities  about 
those  axes ;  then  the  common  component  in  question  has  the  value 

Oi  •  Ci  Pi  =  02  •  C2  ^2 0) 

The  rdaUve  velocity  of  a  pair  of  teeth  is  the  velocity  with  which 
their  acting  surfaces  slide  over  each  other;  and  it  is  found  as 
follows : — Conceive  one  of  the  pitch-suifaces  to  be  fixed,  and  the 
other  to  roll  upon  it,  so  that  the  line  of  contact  (I,  fig.  82,  page 
115)  becomes  an  instantaneous  axis;  find  the  resultant  angular 
velocity  (see  Articles  73  to  77,  pages  52  to  5Qy  and  Articles  81  and 
82,  pages  66  to  68),  and  multiply  it  by  the  perpendicular  distance  of 
the  point  of  contact  of  the  teeth  (T,  fig.  82)  from  the  instantaneous 
axis;  the  product  will  be  the  relative  velocity  required.  That  is 
to  say,  let  e  denote  the  resultant  angular  velocity  about  the 
instantaneous  axis  of  the  pitch-surface  which  is  supposed  to  roll ; 
and  in  fig.  82  let  I -T  be  the  perpendicular  distance  of  the  point  of 
contact  from  the  instantaneous  axis;  then  the  relative  velocity  of 
sliding  is 

c-IT (2.) 

The  values  of  the  resultant  angular  velocity  c  (as  has  been 
ahown  in  the  previous  Articles,  already  referred  to)  are,  for  parallel 
axes  in  outside  gearing,  c  =  o^^  +  Oj;  for  paitJlel  axes  in  inside 
S^f^i^gf  c  =  ^  ~  ^s^  ^°^  ^0^  intersecting  axes,  the  diagonal  of  a 
parallelogram,  of  which  a^  and  cu  are  the  sides. 

While  the  point  of  contact,  T,  is  advancing  towards  the  pitch- 
point  I,  the  roots  of  the  teeth  are  sliding  towards  each  other;  and 
this  relative  motion  is  called  the  approach. 

The  relative  velocity  gradually  diminishes  as  the  approach  goes 
on,  and  vanishes  at  the  instant  when  I  T  =  0 ;  that  is,  when  the 
point  of  contact  coincides  with  the  pitch-point;  so  that  at  that 
precise  instant  the  pair  of  teeth  are  in  rolling  contact. 

After  the  point  of  contact  has  passed  the  pitch-point,  the  roots  of 
the  teeth  are  sliding  away  from  each  other  with  a  gradually 
increasing  relative  vdocity;  and  this  relative  motion  is  called  the 


During  the  approach  the  flank  of  the  driver  drives  the  fiice  of 
the  follower;  during  the  recess  the  face  of  the  driver  drives  the 
flank  of  the  follower. 

The  extent  of  the  diding  motion  of  a  pair  of  teeth  is  equal,  during 
the  approach,  to  the  excess  of  the  length  of  the  face  of  the  driven 
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tootii  above  the  length  of  the  flank  of  the  driviDg  tootii ;  and  during 
the  reoesi^  to  the  excess  of  the  length  of  the  fuse  of  the  driying 
tooth  above  the  length  of  the  flank  of  the  driven  tooth. 

The  PATH  OF  OONTACT  is  the  line  traversing  the  various  pomttons 
of  the  point  of  contact,  T  (fig.  82,  page  115).  If  the  line  of  con- 
nection  preserves  always  the  same  positiony  the  path  of  contact 
ooincides  with  it,  and  in  straight;  in  other  cases  the  path  of  ccmtact 
is  curved. 

It  is  divided  by  the  pitch-point  I  into  two  parts :  the  pcUh  €f 
appro<Khf  described  by  T  in  approaching  the  pitch-point;  and 
the  path  of  recess,  described  by  T  after  having  passed  the  pitch- 
points 

The  path  of  contact  is  bounded  where  the  approach  commences 
by  the  addendnm-line  of  the  follower;  and  where  the  recess  ter- 
minates, by  the  addendum-line  of  the  driver.  The  length  of  the 
path  of  contact  must  be  such  that  there  shall  always  be  at  least 
one  pair  of  teeth  in  contact;  and  it  is  better  still,  when  practicable, 
to  make  it  so  long  that  there  shall  always  be  at  least  two  pairs  of 
teeth  in  contact;  but  this  is  not  always  possible. 

128.  Arc  mt  c#Biaci.  {A,  M.,  454.) — ^The  arc  of  contact  on  a 
pitch-line  is  that  part  of  the  pitch-line  which  passes  the  pitch-point 
during  the  action  of  one  given  tooth  with  the  corresponding  tooth 
of  the  other  wheeL 

In  order  that  one  pair  of  teeth  at  least  may  be  in  action  at 
each  instant,  the  lengtii  of  the  arc  of  contact  must  be  greater  ikon 
thepikk;  and  when  practicable,  it  should  be  doMe  the  pUch,  in 
order  that  two  pairs  of  teeth,  at  least,  may  be  in  action  at  each 
instant;  but  this  is  not  always  practicable;  and  the  most  common 
Talues  are  from  1*4  to  1*8  times  the  pitch.  It  is  divided  by  the 
front  of  the  tooth  to  which  it  belongs  into  two  parts :  the  are  (^ 
approeuhy  lying  in  advance  of  the  front  of  the  tooth ;  and  the  <»rc  of 
reeeu,  lying  behind  the  front  of  the  tooth.  It  is  usual  to  make 
the  arcs  of  approach  and  of  recess  of  equal  length ;  and  in  that 
case  each  of  them  must  be  greater  than  half  the  pUch^  and  should, 
if  practicable,  be  made  eqiud  to  the  pitch.  For  a  given  pitch-line, 
and  a  given  pitch  and  figure  of  tooth,  the  length  of  those  arcs 
depends  on  the  addendum,  in  a  manner  to  be  afWwards  described. 

129.  OMMialtr  •€  Arti«B.— The  obliquity  of  action  of  a  pair  of 
teeth  is  the  angle  which  the  line  of  connection  makes  at  any 
instant  with  a  tangent  plane  to  the  two  pitch-surfaces;  for  ex* 
ample,  in  fig.  82,  page  115,  the  complement  of  the  angle  at  I. 
When  the  path  of  contact  is  a  straight  line,  coinciding  at  every 
instant  with  the  line  of  connection,  die  obliquity  is  constant;  in 
other  cases  it  is  variable;  and  its  mode  of  variation  is  usually  such 
that  it  diminishes  during  the  approach,  and  increases  again  during 
recesa     In  a  dynamical  point  of  view,  it  is  advantageous  to  make 


120  OEOMETRT  OF  MACHIVBRT. 

tbe  obliquity  as  small  as  possible;  and,  on  tbe  otber  band,  tbere  \i 
a  connection  between  tbe  obliquity  of  action  and  tbe  number   oF 
teeib  wbicb  makes  it  impracticable  to  use  pinions  of  fewer  tbaa  & 
certain  number  of  teetb  witb  less  tban  a  certain  maximum  obliqnit^jr 
of  action.     Mr.  Willis,  from  an  examination  of  the  results   of* 
ordinary  practice,  concludes  tbat  tbe  best  value  on  tbe  whole  for 
tbe  mean  MiquUy  of  action  in  toothed  gearing  is  between  14**  and 
15°.     Such  an  angle  may  be  easily  constructed  by  drawing  a  righ^ 
angled  triangle  whose  three  sides  bear  to  each  other  tbe  proportion, 
of  the  numbers 

65  :  63  :  16; 

when  tbe  required  angle  will  lie  opposite  to  tbe  shortest  side  of  the 
triangle.     The  values  of  its  chief  trigonometrical  functions  ar^— 

sine, 16  ^  65  =  02461538, nearly. 

cosine,. 63  -r  65  =  0-9692308,  nearly. 

tangent, 16  -r-  63  =  0  2539683,  nearly. 

cosecant, 65  h-  16  =  4*0625. 

cotangent, 63  -r  16  =  3*9375. 

The  corresponding  angle  is  14°  15';  being  a  little  less  than  one-25tb 
part  of  a  revolution. 

130.  The  TOTtk  ^r  SpwwiMcia  mmA  Back*  have  acting  suHaceA 
of  the  class  called  cylindrical  mirfaoea^  in  the  comprehensive  sense  of 
tbat  term;  and  their  figures  are  designed  by  drawing  the  traces  of 
their  surfaces  on  a  plane  perpendicular  to  the  axes  of  tbe  wheels 
(or,  in  tbe  case  of  a  rack,  to  the  axis  of  the  wheel  that  is  to  gear 
witb  the  rack);  which  plane  contains  the  pitch-lines  and  the  line  of 
connection,  and  may  be  represented  by  the  plane  of  tbe  paper  in  B^. 
82,  page  115.     The  path  of  contact,  also,  is  situated  in  tbe  same 
plane;  and  the  angle  of  obliquity  of  action  is  at  each  instant  equal 
to  the  angle  I C  P,  which  the  common  perpendicular,  C  P,  of  the  line 
of  connection  and  one  of  the  axes  makes  with  tbe  line  of  centres, 
Oj  I  C^.     Because  of  the  comparative  simplicity  of  the  rules  for 
drawing  the  figures  of  the  teeth  of  spur-wheels,  those  rules  are  used, 
witb  the  aid  of  certain  devices  to  be  afterwards  described,  for 
drawing  the  figures  of  tbe  teeth  of  bevel  wheels  and  skew-bevel 
wheels  also. 

131.  lBV«l«tc    Tccch   f«r   €lrc«l«r  Wkwla.  (J.   M.^  457.) — The 

simplest  of  all  forms  for  the  teetb  of  circular  wheels  is  that  in 
which  the  path  of  contact  \s  a  straight  line  always  coinciding  with 
the  line  of  connection,  which  makes  a  conistant  angle  witb  tbe  line 
of  centres,  and  is  inclined  at  a  constant  angle  of  obliquity  to  the 
common  tangent  of  the  pitcb-lines. 

In  fig.  84,  let  Cp  O^,  be  the  centres  of  two  circular  wheels^  wImmo 
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r:<^'drde8  me  mailced  B^,  fi^     Throogh  tiie  pitcb-point  I  draw 

r>  intended  line  qf  eonnodiany  P^  P^,  maloDg,  with  the  line  oC 

rttrea,  tbe  angle  C  I  P  =  the  complement 

f  tl«  intended  obliqnitr. 
Frm  C.  and  C,  driw  C^  P^  and  C,  P, 

rfr^ndicnlar  to  P^  P^  with  which  two  per- 

-'idicdara  as  radii   describe  circles  (called 

.-^fircfe*)  marked  D^,  D^ 

Sif'pofie  the  base-circlt^s  to  be  a  pair  of, 

-rr-ikr  pulleys,  connected  by  means  of  a 
'':^i  '■^bose  oofuse  from  pulley  to  pulley  is 
^i  I  Pj.  As  the  line  of  connection  of  those 
T"  ^^js  is  the  same  urith  that  of  the  proposed 
:-:ii.  they  will  rotate  with  the  required 
^-.  <n ty-ratio-  Now,  snppose  a  tracing  poin  t, 
1.  :<>  be  fixed  to  the  cord,  so  as  to  be  carried 
i^^g  the  path  of  contact,  Pj  I  Pj.     That  Fig.  84. 

:*  Lt  vill  trace,  on  a  plane  rotating  along 
*"*ii  the  wheel  1,  jart  of  the  inTolute  of  the  base-circle  Dj,  and 
'^  A  plane  rotating  along  with  the  wheel  2,  part  of  the  involute 

I  t'tte  base-circle  D^?  and  the  two  curves  so  traced  will  always  cut 
-^t  line  of  connection  at  right  angles,  and  touch  each  other  in  the 
>^rured  point  of  contact  T,  and  will  therefore  fulfil  the  condition 
'•^ .^ired  l^  Article  122,  page  114.     The  teeth  thus  traced  are 

"^^^^  InvoliUe  Teeth. 
All  inTolnte  teeth  of  the  same  pitch  work  smoothly  together. 
The  following  is  the  process  by  which  the  figures  of  involute 

>:tih  are  to  be  drawn  in  practice : — 
In  fig.  85,  let  C  represent  the  centre  of  the  wheel,  I  the  pitch- 

y\^t,  C  I  the  geometrical  radius^  BIB  the  pitch-circle,  and  let 

^^^e  intended  angle  of  obliquity  of  action  be  given,  and  also  the 

jitch,     (In  the  example  represented  by  the  figure,  the  obliquity  is 

»^VVosed  to  be  14-^^  as  stated  in  Article  129,  page  120;  and  the 

^heel  has  30  teeth.)    Then  proceed  by  the  following  rules : — 
I.  To  draw  the  hase-cirde  and  the  line  of  connectioru     About  C, 

^th  the  radius  C  P  =  C I  x  cosine  of  obliquity  (that  is  to  say,  in 

/•A 

tie  present  example,  g^  ^  ^i  draw  a  circle,  D  P  D;  this  is  the 

^nm^irde.     Then  about  I,  with  a  radius  I  P  s  C  I    x    sine  of 

16 
obliquity  (that  is  to  say,  in  the  present  example,  ^  C  I),  draw  a 

«^hort  circular  arc,  cutting  the  base^nrcle  in  P.     Draw  the  straight 
line  P  F I  E;  this  will  be  the  line  of  connection;  and  it  will  touch 
the  base-circle  at  P. 
^L  To  find  the    normal    pitchy  Hie  addendum,  and  the  real 
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rtJuKua^  and  to  draw  tke  addendum-cirde  and  the  JUmk<ircU, 
the  pitcli-pomt,  I,  draw  the  straight  line  I  A,  toacfaing  the 
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circle,  and  Uy  off  npon  it  the  length  I  A  equal  to  the  pitch. 
From  A  let  fall  A  E  perpendicular  to  I  R  Then  I  £  wiD  be 
what  may  be  called  the  nobxal  prrcH,  being  the  distance,  as  mea- 
sured along  the  line  of  connection,  from  the  front  of  one  tooth  to 
the  front  of  the  next  tooth. 

The  normal  pitch  is  also  the  piich  an  the  ham^rde;  that  is,  the 
distance,  as  measured  on  the  base-circle,  between  the  frt>nt  of  one 
tooth  and  the  front  of  the  next 

The  ratio  of  the  normal  pitch  of  involute  teeth  to  the  drenlar 
pitch  is  equal  to  the  ratio  of  the  radius  of  the  base  circle  to  thai  of 
the  pitch-circle ;  that  is  to  say, 


IE       C  P 
1  A  "  CI 
^n  the  present  example). 


=  cosine  of  obliquity  (  =  iHc 
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Li  onier  tbsi  two  pairs  of  teeih  at  least  may  always  be  in  action, 
tSecTp^OMilaefis  to  consist  of  two  halves,  each  equal  to  the  pitch 
*  Ardde  128,  page  119)l  Lay  off  on  the  line  of  connection, 
L  P.  the  diatsBce  I  F  =  I  E.  Then  £  F  will  be  the  paih  of  am- 
'  "*.  (Aiticle  127,  page  119),  consisting  of  two  halves,  each  eqoal  to 
Jr  Dormal  pitch. 

Bnw  the  etraigbt  line  C  E;  this  will  be  the  real  radius,  and 

'  >"  cirde  £  G  G',  drawn  with  that  radios,  will  be  the  addendum^ 

■dt,  which  all  the  crests  of  the  teeth  are  to  touch.     Then,  with 

-r  raiJins  C  F,  draw  the  circle  F  H  (marked  with  dots  in  the 

•  r.T^)'y  this  may  be  called  the  flavk-circlb,  for  it  marks  the  inner 

L*  of  the  flanks  of  all  the  teeth. 

The  addendum  is  C  E  -  C  I. 

HL  To  draw  the  root  circle;  that  is,  the  circle  which  the 
tti>ms  of  all  the  boILows  between  the  teetl\  (or  clearing  curvrs,  as 
-J  tre  called)  are  to  touch.  First  find,  by  drawing  or  by  calcula- 
V-  ^  the  greatett  a/ddendum  of  any  wheel  with  which  the  given  wheel 
El  J  have  to  gear  ;  that  is,  the  addendum  of  the  smallest  pncticable 
r^ioa  of  the  aatne  pitch  and  obliquity;  that  is,  the  addendum  of  a 
ri'kn  in  wluch  the  pitch  subtends  at  the  centre  an  angle  approxi- 
B^ately  equal  to  the  obliquity.  With  the  obliquity  already  stated, 
^"^^^  a  pinion  has  25  teeth.  To  find  the  addendum  of  such  a 
rioion  \^  drawing  :--Throiigh  F,  parallel  to  P  C,  draw  F  L,  as 
"I'ting  I  C  in  Ij.  Join  L  £;  then  L  E  -  L I  will  be  the  required 
•.^il^  addendun^  To  find  the  greatest  addendum  by  calculation, 
'^^  9 denote  the  obliquity,  and  j»  the  pitch;  then 

L  E  -  LI  =  pcotauf  |  ^'(3sin«f  +  1)-1  I. 

With  the  angle  of  obliquity  already  Btated,  this  gives 

L  £  -  L  I  =  0-343  j»,  yeryneariy; 

And  this  18  the  origin  of  the  value  0'35  p,  which  is  veij  ocmimoDly 
*^  for  the  addendum  of  teeth. 

To  the  greatest  addendum,  thus  found,  add  a  suitable  allowance 
|<>rdttnBoe  (Article  125,  page  116),  and  ky  off  the  sum  I  K 
inwiida  from  the  pitch-circle  along  the  radina.  Then  C  K  will 
^  the  ladias  of  the  required  root^rde. 

ly .  To  draw  the  iraeee  <^  the  teethe  Mark  the  pitch-points  of 
tbe  fironts  of  the  teeth  (I,  T,  kc),  according  to  the  principles  of 
Aitkie  121,  page  113,  and  those  of  their  backs,  by  laying  off  a 
soitaUe  ifaicknen  on  the  pitch-circle  (see  Article  125,  pi^  116). 
Obtain  a  '^ten^ttd,"  or  thin  fiat  disc  of  wood  or  metal,  having  its 
edge  aocoiately  sluiped  to  the  figure  of  the  base-circle.  Such  a 
im^  is  represented  in  plan  by  C  B  D,  fig.  86,  and  in  elevatior 
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by  jy  D'.     A  piece  of  watch-spring,  marked  P  M  in  plan^  and  P^  B^ 
in  elevation^  is  to  have  its  edges  filed  so  as  to  leave  a  pair  of  sharp 


Li 
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projecting  tracing-points,  marked  Ty  t^  in  elevation,  and  T  in  plan. 
One  end  of  that  spring,  P,  F,  is  to  have  a  round  hole  drilled  in  it, 
and  to  be  fixed  to  the  middle  of  the  edge  of  the  templet  bj  means 
of  a  screWy  about  which  the  spring  is  to  be  free  to  turn ;  and  the 
other  end,  M,  M',  is  to  be  fitted  with  a  knob  to  hold  it  bj.  Place 
the  templet  on  the  drawing  (or  pattern,  as  the  case  may  be),  so 
that  C  shall  coincide  with  the  centre  of  the  wheel,  and  D  D  with 
the  base-circle;  and  also  so  that  the  lower  of  the  two  tracing-points, 
when  the  spring  is  moved  to  and  fro,  shall  pass  through  the  pitch- 
point  of  a  tooth;  then  that  tracing-point  will  draw  the  trace  of  the 
front  of  the  tooth ;  and  by  turning  the  templet  about  C,  and  repeat- 
ing the  process,  the  traces  of  the  fronts  of  any  reqtiired  number  of 
teeth  may  be  drawn. 

To  draw  the  traces  of  the  backs  of  the  teeth,  the  position  of  the 
spring  relatively  to  the  templet  is  to  be  reversed,  by  turning  it 
about  the  screw  at  P,  so  as  to  use  the  tracing-point  that  was 
previously  uppermost^ 

The  distance,  P  T,  from  the  screw  to  the  tracing-points  should 
not  be  less  than  twice  the  normal  pitch. 

Y,  The  Clearing  Curves  are  tlie  traces  of  the  hollows  which  lie 
inside  the  flank-circle,  F  H,  fig.  85,  Their  side  parts  ought  to  be 
tangents  to  the  inner  ends  of  the  flanks  of  the  teeth  (at  F  and  H, 
for  example),  and  their  bottom  parts  ought  to  coincide  with  the 
root-circle  through  K.  Those  different  (larts  may  be  joined 
to  each  other  by  means  of  small  circular  arcs.  In  connection 
with  the  figures  of  the  side  parts  of  those  clearing  curves,  it  may 
be  observed,  that  F  L  is  a  tangent  to  the  inner  end  of  the  flank 
I'  P,  and  therefore  to  the  clearing  ctirve  at  that  point;  and  that 
tangento  to  the  inner  ends  of  other  flanks  may  be  drawn  by  re- 
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peating  the  process  by  which  F  L  is  drawn,  or  by  the  following 
process:— About  C,  with  the  radius  C  N  =  P  P,  draw  a  circle; 
f  L  N  will  be  a  straight  tangent  to  that  circle;  and  so  also  will 
all  the  tangents  to  the  flanks  at  their  inner  ends.  Therefore,  from 
the  inner  ends  of  all  the  flanks,  both  front  and  back,  draw  straight 
lines  touching  the  circle  C  N,  and  so  placed  that  the  straight  lines 
from  the  front  and  back  flanks  of  the  same  tooth  shall  not  cross 
each  other;  these  lines  will  show  the  proper  positions  for  the  side 
parts  of  the  clearing  curves.  When  the  flank-circle  coincides  with 
the  base-circle  (as  in  the  smallest  pinion  of  a  given  pitch),  the  side 
parts  of  the  clearing  curves  coincide  with  the  radii  drawn  from 
the  centre  C  to  the  inner  ends  of  the  flanka 

132.  lBv«l«t«  TMik  for  Hacks.— The  following  is  the  process  of 
designing  the  teeth  of  a  straight  rack  which  is  to  gear  with  an 
ioYolute-toothed  wheel  of  a  given  pitch  and  a  given  obliquity : — In 
fig.  87,  let  A  B  be  the  pitch-line  of  the  rack,  and  let  A  I  =  I  P  be 
the  pitch.    Lay  off  A I E       ^  r^ ' 

=  the  given  angle  of  ob-        P^ — ^™----^^      -  .x      ^ 

liqoity,  and  from  A  let     -a/ l^^^^i^- \ tj? -V— B 

£ftll  A  £  perpendicular  to      /. A H/.1 IlVlv-t^Ai  \ 

I  E;  then  I  E  will  be —^ ^ ^-^ * ^ -» — 

the  normal  pitch;  further,  Y\g,  87. 

if  the  path  of  contact  is 

to  consist  of  two  halves,  each  equal  to  half  the  normal  pitch, 
I  £  will  be  one  of  those  halves;  then  in  E  I  produced  make 
I  F  z=  I  E,  and  I  P  will  be  the  other  half  of  the  path  of  con- 
tact  Through  £,  parallel  to  A  B,  draw  EGG';  this  will  be 
the  addendum  line;  through  P,  parallel  to  B  A,  draw  P  H; 
this  will  be  the  flank4iney  marking  the  inner  ends  of  the  acting 
surfaces  of  the  teeth.  Perpendicular  to  A  B  draw  I  K,  equal  to 
the  greatest  addendum  in  the  set  of  wheels  of  the  given  pitch  and 
obliquity  with  an  allowance  for  cleaittnce  added,  as  in  Rule  III. 
d  Article  131,  page  123;  through  K,  parallel  to  A  B,  draw  a 
straight  line;  this  will  be  the  root-line,  with  which  the  bottoms  of 
all  the  hollows  between  the  teeth  are  to  coincide. 

The  traces  of  the  fronts  of  the  teeth  aro  straight  lines  perpen- 
dicular to  E  P,  and  the  fronts  themselves  are  planes  perpendicular 
to  £  P.  The  backs  of  the  teeth  are  planes  inclined  at  the  same 
angle  to  A  B  in  the  contrary  direction. 

133.  FMalter  PfwpcrilM  •€  lHv«lBt«  Tccih.— Involute  teeth  have 
some  peculiar  properties  not  possessed  by  teeth  of  other  figurea 

I.  Sets  of  involute  teeth  have  a  definite  and  constant  normal 
piteh;  being,  as  already  explained,  the  distance  between  the  fronts 
of  successiYe  teeth,  measured  on  the  path  of  contact,  or  on  the 
drcnmferenoe  of  the  base-cirole;  and  cUl  tohede  and  racks  with 
^woltUe  teeth  qf  the  same  normal  pitch  gear  correctly  with  each  other. 
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IL  The  length  of  the  line  of  centres,  or  perpendicular  distance 
between  the  axes,  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normal  pitch,  or  the  perpendicular  distance  from  tho  axis  of 
a  wheel  with  involute  teeth  to  the  addendum-line  of  a  rack  with 
which  it  gears,  may  be  altered;  and  so  long  as  the  wheels,  or  wheel 
and  rack,  are  sufficiently  near  together  to  make  the  path  of  contact 
longer  than  the  normal  pitch,  and  sufficiently  far  asunder  for  the 
crests  of  each  set  of  teeth  to  clear  the  hollows  between  the  teeth 
of  the  other  set,  the  wheels,  or  the  wheel  and  rack,  will  continue 
to  work  correctly  together,  and  to  preserve  their  velocity-ratio; 
although,  in  the  case  of  a  pair  of  wheels,  the  pitch-lines,  the  pitch 
as  measured  on  the  pitch-lines,  and  the  obliquity,  will  all  be  altered 
when  the  length  of  the  line  of  centres  is  altered.  In  other  words, 
the  velocity-ratio  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normial  pitch  is  the  reciprocal  of  the  ratio  of  the  radii  of  their 


base-circles^  and  depends  on  this  ratio  alone;  and  the  velocity-ratio 
of  a  wheel  and  imok  with  involute  teeth  of  the  same  normal  pitch 


orroLutB 


12T 


Ir^z^tMjca  tlie  ndias  of  tlie  hiw?  cirde  of  the  wheel  and 

:  :i>e  ijigfe  flf  oUkpnty  of  the  liiie  of  oonnecticHi. 

ly  dier  mj  ci  stating  this  fitopertjF  of  inrolnte  teeth  is,  that 
^itch-lines  of  vheds  and  rmgkM  with  such  teeth  are  arbitrary  to 
i-triiC  Jimited  only  by  the  necessity  of  haying  a  path  of  contact 

.  certiin  leogtL 

*.e  pndiaJ  reBolt  of  this  is  (as  Mr.  Willis  fir^  pointed  oat^ 
ie  baethtk  of  involote  teeth  is  Tariable  at  will,  being  capable 

'  ^:  ioaessed  or  diminished  by  moving  tbe  wheels,  or  the  wheel 
"^k,  &rther  from  or  nearer  to  each  other,  and  may  thus  be 
.aj  so  as  to  be  no  greater  than  is  abaolutely  necessary  in  order 

r-'t&t  jamming  of  the  teeth — ^a  property  not  pofisessed  by  teeth 

-~  Giren  (in  fig.  88%  04  eaUrety  C,  C,  tlie  hase-cirdeg,  D  D, 

-  7r,d  the  addtndum-cirde$,  A  A^  A.'  A\  of  a  pair  of  gpur- 

'  \cJh  xKcdnU  ieeih  of  a  given  normal  pitch,  to  Jind  the  line  of 
■"•yj^  the  pileh-poiiU,  the  pilch-cirdei,  the  pitch  an  the  pitch- 
•ind  the  path  qfeantaeL 

'▼  i  common  tangent,  P  P',  to  the  two  base-circles  in  such  a 
-  AS  to  ran  firom  the  driver  to  the  follower  in  the  direction 
*  OS.  lliat  common  tangent  will  be  tbe  line  of  connection : 
-t  I,  where  it  cuts  the  line  of  centres,  will  be  the  pitch-point : 
-^-rs.  B  B  and  K  B',  described  about  C  and  O  respectively, 
::biig  each  other  in  I,  will  be  the  pitch-circles:  the  pitch 
:  ^;:b-circles  will  be  greater  than  the  normal  pitch  in  the 

I      CI 

—  =  — -— ;  and  the  part  E  K  of  the  line  of  connection  which 

''^^n  the  two  addendum-circles  will  be  tbe  path  of  contact. 
'/{(m  (in  fig.  89),  the  centre,  C,  the  base-cirdey  D  D,  and  the 
'^-'i-cirde,  A  Ay  of  a  spunohed  with  involute  teeth  of  a  given 

e 


Fig.  89. 


T'Urh;  aleo  the piich-line,  B'  B',  and  the  addendum-Une,  A'  A% 
..  vchich  is  to  have  involute  teeth  oftlve  eame  normal  pitch;  to 
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find  the  pUck-pcirU^  the  pUch-circU  of  the  wheel,  the  line  o/coi 
the  pitch,  as  measured  on  tlte  pitch-linea,  the  path  qfcontcuU,  -^^3 
position  of  the  fronts  of  the  teeth  oftlie  rack.  •  s: 

From  C  let  fall  C  I  peq)eDdicular  to  K  B';  then  I  will 
pitch-point;  and  a  circle,  B  B,  of  the  radius  C  I,  will  be  the  A 
circle  of  the  wheel.     From  I  draw  I  P,  touching  the  has*   j 
D  D ;  I  P  will  be  the  line  of  connection.     The  pitch,  as  me 
on  the  pitch-lines^  will  be  greater  than  the  normal  pitch,  : 

C  I 

ratio  p-p  of  the  radius  of  the  pitch-circle  to  that  of  the  base-i  -  - '  ^ 

The  path  of  contact  will  be  the  part  £  K  of  the  line  of  connet  ,^ 
which  is  contained  between  the  addendum-line  of  the  rack,  A,^. 
and  the  addendum-circle  of  the  wheel,  A  A.     The  fronts  ol  J  ' 
teeth  of  the  rack  are  to  be  planes  perpendicular  to  I  P,  or,  in  c  .*  ~ 
words,  parallel  to  P  G. 

y.  By  the  application  of  the  preceding  principles,  two  or  n  ^  r 
wheels  of  different  numbers  of  teeth,  turning  about  one  axis, 
be  made  to  gear  correctly  with  one  wheel  or  with  one  rack;  or    ^  ^ 
or  more  parallel  racks,  with  different  obliquities  of  action,  may 
made  to  gear  correctly  with  one  wheel,  the  normal  pitches  in  ei  '^ 
case  being  the  same ;  and  thus  differential  movements  of  Tarious  ao 
may  be  obtained.     This  is  not  possible  with  teeth  of  any  other  for   ** 

The  obliquity  of  the  action  of  involute  teeth  is  by  many  co 
feidercd  an  objection  to  their  use;  and  that  is  the  reason  vh 
notwithstanding  their  simplicity  and  their  other  advantages,  th< 
are  not  so  often  used  as  other  forms.     In  anticipation  of  the  sobjet 
of  the  dynamics  of  machinery  it  may  be  stated,  that  the  principi 
effect  of  the  obliquity  of  the  action  of  involute  teeth  is  to  increas 
the  pressure  exerted  between  the  acting  surfaces  of  the  teeth,  am 
also  the  pressure  exerted  between  the  axles  of  the  wheels  and  theii 
bearings,  nearly  in  the  ratio  in  which  the  radius  of  the  pitch-circle 
of  each  wheel  is  greater  than  the  radius  of  the  base-circle,  and  that 
a  corresponding  increase  of  friction  is  produced  by  that  increase  of 
pressure.     In  the  example  of  Article  131,  that  ratio  is  65  :  63. 

134.  TMCh  Av  m  GiTMi  P«tii  •€  c?«Btsct— In  the  three  pre- 
ceding Articles  the  forms  of  the  teeth  are  found  by  assuming  a 
figure  for  the  path  of  contact — viz.,  the  straight  Una  Any  other 
convenient  figure  may  be  assumed  for  the  path  of  contact,  and  the 
corresponding  forms  of  the  teeth  found,  by  determining  what 
carves  a  point  moving  along  the  assumed  path  of  contact  will  trace 
on  two  discs,  rotating  round  the  centres  of  the  wheels  with  angular 
velocities,  which  bear  that  relation  to  the  component  velocity  of  the 
tracing-point  along  the  line  of  connection  which  is  given  by  the 
principles  of  Article  127,  page  118.  This  method  of  finding  the 
forms  of  the  teeth  of  wheels  is  the  subject  of  an  interesting  treatise 
by  Mr.  Edwud  Sang. 
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H'  be  rolled  the  opposite  way,  on  the  outside  of  the  pitch-line  B  B, 
00  that  the  tracing-point  T'  shall  start  from  A,  it  will  trace  the 
faed  A  T"  of  a  tooth  suitable  to  work  with  B,Jlank  traced  by  rolling 
the  same  curve  B!  with  the  same  tracing-point  T'  inside  any  other 
pitch-line. 

**  The  figure  of  the  path  of  contcust  is  that  traced  on  a  fixed  plane 
by  the  tracing-point,  when  the  rolling  curve  is  rotated  in  such  a 
manner  as  always  to  touch  a  fixed  straight  line  E  I  E  (or  E'  T  E', 
as  the  case  may  be)  at  a  fixed  point  I  (or  I'). 

^'If  the  same  rolling  curve  and  tracing-point  be  used  to  trace 
both  the  faces  and  the  flanks  of  the  teeth  of  a  number  of  wheels  of 
different  sizes,  but  of  the  same  pitch,  all  those  wheels  will  work 
correctly  together,  and  will  form  a  set.  The  teeth  of  a  rctck  of  the 
a&mS  set  are  traced  by  rolling  the  rolling  curve  on  both  sides  of  a 
straight  line. 

**The  teeth  of  wheels  of  any  figure,  as  well  as  of  circular  wheels, 
may  be  traced  by  rolling  curves  on  their  pitch-lines;  and  all  teetli 
of  the  same  pitch,  traced  by  the  same  rolling  curve  with  the  same 
tracing-point,  will  work  together  correctly  if  the  pitch-surfaces  are 
in  rolling  contact" 

Involute  teeth  themselves  might  be  traced  by  rolling  a  logarith- 
mic spiral  on  the  pitch-circle ;  but  it  is  unnecessary  to  explain  this 
in  detail,  as  the  ordinary  method  of  tracing  them  is  much  more 
simple. 

136.  BFic7ei«M«i  TcMk  Im  dcBcmL— For  tracing  the  figures  of 
teeth,  the  most  convenient  rolliug  curve  is  the  circle.  The  path  of 
contact  which  a  point  in  its  circumference  traces  is  identiod  with 
the  circle  itself;  the  flanks  of  the  teeth  for  circular  wheels  are  inter- 
nal epicycloids^  and  their  faces  external  epicycloids,  and  both  flanks 
and  faces  are  cycloids  for  a  straight  rack.  (See  Article  74,  page 
53,  and  Article  77,  page  56.) 

Wheels  of  the  same  pitch,  with  cpicycloidal  teeth  traced  by  the 
same  rolling  circle,  all  work  con*ectly  with  each  other,  whatsoever 
may  be  the  numbers  of  their  teeth;  and  they  are  said  to  belong  to 
the  same  set. 

For  a  pitch-circle  of  twice  the  radius  of  the  rolling  or  describing 
circle  (as  it  is  callech,  the  internal  epicycloid  is  a  straight  line, 
being  a  diameter  of  the  pitch-circle ;  so  that  the  flanks  of  the  teeth 
for  such  a  pitch-circle  are  planes  radiating  from  the  axis.  For  a 
smaller  pitch-circle,  the  flanks  would  be  convex,  and  incurved  or 
U7uler<uif  which  wonld  be  inconvenient;  therefore  the  smallest 
wheel  of  a  set  should  have  its  pitch-circle  of  twice  the  radius  of  the 
describing  cirde,  so  that  the  flanks  may  be  either  straight  or 
concave. 

In  fig.  91,  let  B  B  be  the  pitch-circle  of  a  wheel,  C  G  the  line  of 
centre^  I  the  pitch-pointy  R  the  internal  describing  circle^  and  B! 
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Ae  eztemftl  describing  cirde,  so  placed  as  to  touch  the  pitch-circle 

and  each  other  at  I;  let  E  E  be  a  straight  tangent  to  the  pitch- 

ciztie  at  the  pitch-point;  and  let  T  I  T  be  the  path  of  contacl^ 

oonsiatiiig  of  the  path  (^approach)  T  I, 

tnd  the  path  of  recess,  I  T.    Each 

of  those  arcs  should  be  equal  to  the 

pitch    when    practicable,    in    order 

that  theiB  may  be  always  at  least  two 

pairs  of  teeth  in  action ;  but  this  is 

not  always  jiossible;  and  the  length  b- 

of  each  of  them  in  many  cases  is  only  ^ 

from  0-7  to  0-9  of  the  pitch,  being   "- 

regulated  by  the  customary  practice 

of  making  the  addendum  from  0*3  to 

0-35  of  the  pitch. 

The  real  radius  of  the  wheel  is 
the  distance  from  its  centre  to  the 
point  T',  at  the  outer  end  of  the  face 
of  a  tooth ;  the  dotted  circle  travers- 

hig  T*  is   the  addendum-circU,  and  the   perpendicular  distance 
from  T*  to  the  pitch-circle  B  B  is  the  addendum. 

The  Jlank^rcle  is  a  circle  described  about  the  centre  of  the 
wheel,  and  traversing  the  point  T;  and  the  clearing  cwrvea  (as  in 
the  case  of  involute  teeth,  Article  131,  Rule  V.,  page  124)  must 
^▼e  a  depth  sufficient  to  clear  the  greatest  addendum  given  to  the 
^th  of  any  one  of  the  set  of  wheels  that  are  capable  of  gearing 
''^ith  the  wheel  under  consideration. 

In  passing  the  line  of  centres,  the  line  of  connection  coincides  with 
the  tangent  E  E,  and  the  obliquity  is  nothing.  The  greatest  angle  of 
obliquity  of  action  is,  during  the  approach,  BIT,  and  during  the 
recess  E I T*;  and  the  mean  angles  of  obliquity  during  the  approach 
and  recess  are  the  halves  of  those  greatest  angles  respectively.  Fronk 
the  results  of  practical  exijerienoe,  Mr.  Willis  deduces  the  rule  that 
the  mean  obliquity  should  not  exceed  15^  or  one-twenty-fourth  of 
ft  Involution ;  therefore  the  maximum  obliquity  should  not  exceed 
^'i  or  one-twelfth  of  a  revolution ;  therefore  the  arcs  I  T  and  I  T* 
should  neither  of  them  in  any  case  exceed  one-sixth  of  the  circum- 
fctence  of  the  describing  circles  to  which  they  respectively  belong; 
fi^om  which  it  follows,  that  if  either  of  those  arcs  is  to  be  equal  to 
^  pitch,  the  circumference  of  the  describing  circle  ought  nU  to  i# 
^  than  tix  times  the  pitch;  therefore  the  smallest  pinion  of  a  set 
ihonld  have  twelve  teeth. 

137.  TMctas  gptcyrt^idlrt  Tcciii  %f  TMptotfc  -The  &oe  of  an 
^icycloidal  tooth  may  be  traced  by  rolling  a  templet  of  the  form 
of  the  describing  circle  upon  a  convex  templet  of  the  form  of  the 
pitch-cirde;  and  the  flank,  by  rolling  a  templet  of  the  fonn  xsi  the 
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describing  circle  upon  a  concave  templet  of  the  form    of   the 
pitch-circle. 

When  the  fixed  templet  is  either  convex  (as  when  the  fieuse  of 
the  tooth  of  a  wheel  is  to  be  traced)  or  straight  (as  when  either  the 
fiice  or  the  fiank  of  the  tooth  of  a  rack  is  to  be  traced),  the  rolling 
templet  may  be  prevented  from  slipping  on  the  fixed  templet  hy 
connecting  them  together  by  means  of  a  slender  piece  of  watch- 
spring,  as  follows : — In  fig.  92,  G  B  B  represents  the  fixed  templet 


of  the  form  of  the  pitch-circle,  and  R  the  rolling  templet  of  the 
form  of  the  describing  circle.  Q  I  P  is  a  slender  piece  of  watch- 
spring,  fastened  by  a  screw  at  P  to  the  edge  of  the  fixed  templet, 
and  by  a  screw  at  Q  to  the  edge  of  the  rolling  templet  The  spring 
may  have  a  sharp  tracing-point  formed  at  T  on  one  of  its  edges,  as 
alrnidy  described  in  Article  131,  Rule  lY.,  and  shown  in  fig.  66, 
page  124.  A  T,  in  fig.  92,  represents  part  of  the  epicycloid  traced 
by  the  point  T,  and  I  the  point  of  contact  of  the  pitch-circle  and 
describing  circle.    The  radios  of  each  of  the  templets  ought  to  be 
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made  less  than  the  radius  of  the  circle  which  it  represents,  by 
kal/the  Ihidmett  of  the  spriog  P  Q. 

When  the  fised  templet  is  concave  (for  tracing  the  flanks  of 
teeth)  this  method  of  preventiDg  the  rolung  templet  from  slipping 
ia  not  available, 

13&  wnlsht-VbBk^  KpleTelaM>i  x«>>fe^In  the  oldest  form  of 
epic^cloidal  teeth,  the  traces  of  the  flanks  are  straight  lines  radiat- 
ing from  the  centre  of  the  wheel,  being  the  lines  which  would  be 
ttaced  hj  a  describing  circle,  of  half  the  radius  of  the  pitch-circle, 
rolling  inside  the  piteh -circle.  Hence,  in  order  that  a  pair  of 
wheels  with  teeth  described  according  to  this  principle  maj  gear 
ci>rre<^y  together,  the  faces  of  the  teeth  of  each  wheel  must  be 
traced  by  rolling  upon  the  outside  of  its  pitch-circle  a  describing 
circle  o{  haif  th^  radim  qf  iha  other  piieh'drcU. 

For  example,  in  fig.  93,  let  C  (uid  C  be  the  centres  of  a  pair  o£ 


Fig.  98. 

^T-wbeels,  and  B  B  and  B*  B  their  pitch-circles,  touching  each 
other  in  the  pitch-point  I.  Lay  off  the  pitch-points  of  the  fronts 
and  backs  <^  the  teeth  on  each  of  the  pitch-circles,  and  draw 
(traight  lines  from  the  centres  of  the  wheels  to  the  points  of  division 
of  their  respective  pitch-circles ;  these  lines  will  be  the  traces  of  the 
flanks  of  the  teeth.  Bisect  C  I  in  B,  and  C  I  in  B',  and  about 
R  and  R'  respectively  describe  circles  traversing  I;  these  will  be 
the  two  describing  circles  for  the  faces  of  the  teeth.     Lay  o^  on 
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those  two  circles,  sufficient  lengths,  I  £  and  I  K,  for  the  two 
divisions  of  the  path  of  contact;  that  is  to  say,  each  of  these  lengths 
must  be  greater  than  half  the  pitch,  and  should  be  made  as  nearly 
equal  to  the  pitch  as  practicable.  Then  a  circle,  A  A,  described 
about  C  through  E",  will  be  the  addendum-circle  of  the  first 
wheel,  and  a  circle,  A^  A',  described  about  C,  through  E,  will 
be  the  addendum-circle  of  the  second  wheel.  The  two  root- 
circles,  K  K  and  K'  K',  are  to  be  drawn  so  as  to  leave  a 
sufficient  clearance  between  each  of  them  and  the  opposite 
addendum-circle. 

To  trace  the  front  and  back  faces  of  the  teeth  of  the  first  wheel, 
roll  the  describing  circle  B!  on  the  pitch-circle  B  B;  to  trace  the 
front  and  bade  &ces  of  the  teeth  of  the  second  wheel,  roll  the 
describing  circle  K  on  the  pitch-circle  B'  B'.  This  may  be  done 
with  the  aid  of  templets  connected  together  by  means  of  a  spring, 
as  described  in  Article  137,  page  131. 

The  traces  of  the  flanks  of  the  teeth  of  a  rack,  according  to  this 
system,  are  straight  lines  perpendicular  to  the  pitch-line,  and  those 
of  the  faces  are  cycloida  The  traces  of  the  faces  of  a  wheel  that  is 
to  gear  with  a  rack  are  involutes  of  the  pitch-circle. 

Epicycloidal  teeth  described  by  this  method  are  very  smooth  and 
accurate  in  their  action ;  but  they  labour  under  the  disadvantage 
that  the  faces  of  the  teeth  of  any  given  wheel  are  not  suited  to 
work  accurately  with  the  flanks  of  the  teeth  of  any  wheel  whose 
radius  diflera  from  double  the  radius  of  the  describing  circle  with 
which  they  were  traced. 

139.  Bplc7cl«Mal    TMih    Vniced    hf    ■■     Uniform    DcMribiac 

Circle— The  property  of  working  accurately  with  all  teeth  of  the 
same  pitch,  whatsoever  the  radius  of  the  pitch-circle,  is  given  to 
epicycloidal  teeth  by  tracing  both  the  faces  and  the  flanks  of  all 
teeth  of  the  same  pitch,  by  rolling  the  same  describing  circle  upon 
the  outside  and  the  inside  of  the  pitch -circle — a  system  first  intro* 
duced  by  Mr.  Willia  This  method  is  illustrated  by  fig.  91,  page 
131,  already  described  in  Article  136.  In  order  that  the  mean 
obliquity  of  action  may  not  in  any  case  exceed  15°,  nor  the 
maximum  obliquity  30°,  the  circumference  of  the  describing  circle 
employed  is  six  times  ^  pitch;  so  that  its  mdins  is  six  times  ths 
radial  pitch  (see  Article  119,  page  111).  According  to  this  system, 
the  traces  of  both  the  flanks  and  the  faces  of  the  teeth  of  a  rack 
are  cycloids. 

140.  Appr^xlHflte    Dmwlag    of    BpicrcioMai     TMlh.— YariOQB 

approximate  methods  of  drawing  epicycloids  have  already  been 
described  in  Article  79,  pages  59  to  62.  The  following  are  the 
additional  explanations  required  in  order  to  show  the  application 
of  those  methods  to  epicycloidal  teeth  :^- 

L  By  two  pctirs  of  Circular  Are$,    In  fig.  94,  let  I  A  be  part 
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•^  the  pitch-circle  of  a  -wheel.    Draw  the  describing  circle  touching 
Ur  pttdi-circle  at  any  conTenient  point,  I,  and  outside  or  inside. 


»^?ording  as  the  face  or  the  flank  of  a  tooth  is  to  be  traced. 
'.Letters  without  an  accent  refer  to  the  face;  letters  with  an  accent, 
t«>  the  flank.) 

Draw  the  straight  tangent  I P,  equal  in  length  to  one  of  the  two 
divisions  of  the  arc  of  contact,  and  in  it  take  I  D  =  i  I  P.  Then, 
'ith  tiie  radius  D  P  =  f  I  P,  draw  the  circular  arc  A  B;  A  and 
o  'wiU  be  the  two  ends  of  the  required  epicycloidal  arc  Join  B I ; 
and  from  A.  draw  the  straight  tangent  A  C,  cutting  B  I  in  C. 
iWn  A  C  and  B  C  will  be  the  normals  at  the  two  ends  of  the 
^I'icydoidal  arc  Then  proceed,  according  to  Rule  IV.  of  Article 
*'^y  pages  61  and  62,  fig.  48,  to  draw  two  circular  arcs  approxi- 
bating  to  the  required  curve;  and  perform  the  same  operation 
^>th  for  the  face  and  for  the  flank  of  the  tooth. 

According  to  this  method,  the  traces  of  the  face  and  flank  of  a 
t'Hith  consist  each  of  a  pair  of  circular  arcs,  and  the  two  arcs  which 
j"in  each  other  at  the  pitch-point,  A,  of  a  tooth  have  a  common 
V;m^nt  there;  because  their  centres  are  in  the  straight  line 
C'AC. 

II.  By  one  pair  of  Circular  Arcs — Mr.  Willis's  Method,  Mr. 
^VilHs  first  showed  how  to  approximate  to  the  figures  of  epicy- 
fioidal  teeth  by  means  of  two  circular  arcs — one  concave,  for  the 
^Wnk,  the  other  convex,  for  the  face;  and  each  having  for  its  radius 
the  mean  radius  of  curvature  of  the  epicycloidal  arc.  Mr.  Willis's 
^ules  may  be  deduced  fi*om  the  formula  for  finding  the  centre  of 
curvature  of  an  epicycloid,  which  is  given  in  Article  78,  equation  2, 
page  59;  that  formula  being  applied  to  the  point  in  the  epicy- 
cloid whose  normal  meets  the  pitch-circle  at  a  distance  fram  the 
pitcb-point  of  the  tooth  to  be  traced  equal  to  one-half  of  the 
pitch,  and  the  obliquity  of  that  normal  to  the  pitch-circle  beinflr 
15*.  ^ 
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Fig.  95. 


In  fig.  95,  let  B  C  be  pai-t  of  the  pitch-circle,  and  A    iLe 

pitch-point  of  a  tooth  whose 
front  is  to  be  traced.     Jjay 
off,    in   opposite   directions 
from  the  point  A,  the  arcs 
A  B  and  A  C,  each  equal  to 
one-half  of  the  pitch .     Draw 
the  radii  of  the  pitch-circle, 
B  D  and  C  £,  and  through 
the  points  B  and  C  draw 
the  straight  lines  B  F  and  C  O,  making  angles  of  75"*  with  the 
radii  respectively;  these  lines  are  normals  to  the  face  and  to  the 
flank  of  the  tooth  respectively.     Let  n  denote  the  number  of  teeth 
in  the  wheel.     Lay  off  along  the  two  normals  the  distances  B  F 
and  C  G,  as  calculated  by  the  following  formula : — 

pitch,  _n_.  ^  pitch ,      n      , 

^  ^  -  "T"    n  +  12'  ^  ^       "^    n  -^  12' 

then  F  will  be  the  centre  of  curvature  for  the  face,  and  O  the 
centre  of  curvature  for  the  flank. 

About  F,  with  the  radius  F  A,  draw  the  circular  arc  A  H ;  this 
will  be  the  trace  of  the  face  of  the  tooth.  About  G,  with  the 
radius  G  A,  draw  the  circular  arc  A  K;  this  will  be  the  trace  of 
the  flank  of  the  tooth. 

To  facilitate  the  application  of  this  rule,  Mr.  Willis  has  publbhed 
tables  of  the  values  of  B  F  and  C  G,  and  invented  an  instrument 
called  the  ^^Odantograph.*  That  instrument  is  an  oblong  piece 
of  caid-board,  F  G  K  H,  fij^  96,  measuring  about  13  inches  by  7^ 

inchesL  The  oblique 
edge,  L  H,  makes  an 
angle  of  75^  with  the 
edge  G  F ;  so  that  when 
the  edge  L  H  is  laid 
along  a  radius,  O  I,  of 
a  pitch-circle,  B  B, 
the  edge  GIF  shows 
the  positions  of  normals 
to  acting  surfaces  of 
teeth  whose  pitch* 
points  are  at  a  distance 
mm  I  equal  to  half 
the  pitch.  Along  the 
edge  GIF  two  scales  of  equal  parts  are  laid  off  in  opposite 
directions  from  the  point  I,  where  the  straight  line  coinctding 
with  H  L  meets  G  F;  the  scale  I  F  serving  to  mark  the  centres 
for  faces,  and  the  scale  I  G  the  centres  for  flanks,  at  distances 
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f^m  I  computed  hj  the  formulae.  Values  of  those  distances  for 
£5e?ent  pitches  and  numbers  of  teeth,  and  other  useful  dimen* 
?'iT3Sy  are  giTen  in  tables  which  are  printed  on  the  sides  of  the 
ord-board. 

141.  Tt«th  Ctosviac  wltli  BmhU  0ttiTM — TrmdtM  aad  Pte^wlMelib 
—When  two  wheels  gear  together,  and  one  of  them  has  cylindrical 
]i^3  (called  staves)  for  teeth,  that  one  is  called,  if  it  is  the  larger  of 
*z.e  two,  a  pin-teheelf  and  if  the  smaller,  a  trundle.  The  traces  of 
tie  teeth  of  the  other  wheel  are  drawn  in  the  following  manner  :— 
iL  fi^.  97,  let  Bj  be  the  pitch-circle  and  Co  the  centre  of  the 
*-::iidlc  or  pin- wheel,  and  let  B^  B^  be  the  pitch-circle  of  the  other 
▼beel.  Divide  the  pitch-circle,  Bj  Bj,  into  arcs  equal  to  the  pitchy 
trd  through  the  points  of  division  trace  a  set  of  external  epicy- 
^  ids  by  rolling  the  pitch-circle  Bg  on  the  pitch-circle  B^,  with  the 
c»:atre  of  a  stave  for  a  tracing-point,  as  shown  by  the  dotted  lines; 
tien  draw  carves  parallel  to  and  within  the  epicycloids,  at  a  dis- 
t&Doe  from  them  equal  to  the  radius  of  a  stava  These  will  be  the 
frmta  and  backs  of  the  required  teeth.  The  clearing  curves  are 
crcular  arcs  of  a  radius  eqnal  to  that  of  the  staves 


Fig.  97. 


Fig.  98. 


When  the  teeth  drive  the  staves,  the  whole  path  of  contact 
consists  of  reeesSf  and  there  is  no  approach ;  for  the  teeth  begin  to 
act  on  the  staves  at  the  instant  of  passing  the  line  of  centres. 
When  the  staves  drive  the  teeth,  the  whole  path  of  contact  consists 
of  {^)proadi,  and  there  is  no  recess;  for  the  staves  cease  to  act  on 
the  teeth  at  the  instant  of  passing  the  line  of  centres.  The  latter 
mode  of  action  is  avoided  where  economy  of  power  is  studied, 
because  it  tends  to  produce  increased  friction,  for  reasons  to  be 
stated  under  the  head  of  the  Dynamics  of  Machines. 

To  drive  a  trundle  in  inside  gearing,  the  outlines  of  the  teeth  of 
the  wheel  should  be  curves  parallel  to  internal  epicycloida  A 
peculiar  case  of  this  is  represented  in  fig.  98,  where  the  radius  of 
the  pitch*circle  of  the  trundle  is  exactly  one-half  of  that  of  the 
pitch-circle  of  the  wheel;  the  trundle  has  three  equidistant  staves; 
and  the  internal  epicycloids  described  by  their  centres^  while  f 
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pitch-ciicle  of  the  trundle  is  rolling  within  that  of  the  wheel,  are 
three  straight  lines,  diameters  of  the  wheel,  making  angles  of  60^ 
with  each  other.  Henoe  the  surfaces  of  the  teeth  of  the  wheel 
form  three  straight  grooves  intersecting  each  other  at  the  centre, 
each  heing  of  a  width  equal  to  the  diameter  of  a  staye  of  the 
trundle,  with  a  sufficient  addition  for  hack-lash. 

The  following  is  the  construction  given  hy  Mr.  Willis  for  finding 
in  pin- wheels  and  trundles  whai  w  the  grmdmt  radiuM  qf  siave 
conndetd  with  having  an  a/re  qf  eontael  noi  leu  than  thefiieh  (see 
fg.  99):— 

Let  0  be  the  centre  of  the  wheel  with  teeth,  and  C  that  of  the 

wheel  with  staves.  On  their 
two  respective  pitch-circles  lay 
off  the  arcs  I  D  and  I  B,  each 
equal  to  the  pitch.  Draw  the 
straight  line  I  B;  draw  also  the 
straight  line  C  E,  bisecting  the 
angle  I  C  D,  and  cutting  I  B  in 
£;  then  B  £  will  be  the  greatest 
radius  that  can  be  given  to  the 
staves  consistently  with  having 
an  arc  of  contact  not  less  than 
thepitdu 

The  proof  is  as  follows : — Be- 
cause the  fronts  and  backs  of  the 
teeth   are  similar,  the  crest  of 
the  tooth  that  acts  on  a  stave  at 
B  must  be  in  the  straight  line 
C  E,  that  bisects  the  angle  1 0  D. 
When  the  centre  of  a  stave  is  at 
B,  the  point  of  contact  of  the 
stave  and  tooth  must  be  in  the 
line  of  connection  I  R    When 
the    staves    have    the    greatest 
radius  consistent  with  the  con- 
tinuance   of  action,    while  the  ^ 
centre  of  a  stave  moves  from  I  to 
if  the  point  of  contact  and  the  crest  of  the  tooth  coincide,  and 
are  therefore  at  the  point  E,  where  I  B  and  0  £  intersect 

Should  C  £  pan  beyond  B,  the  proposed  pair  of  wheels  will  not 
work,  and  the  design  must  be  altered ;  and  such  is  also  the  case 
when  0  £  either  traverses  the  point  B  or  cuts  I  B  so  near  to  B  as 
to  give  a  radius  too  small  for  strength. 

in  practice,  the  radius  B  £  ought  to  be  made  a  little  less  than 
that  given  by  the  Rule,  in  order  that  there  may  be  no  risk  of 
imperfect  working  through  the  effects  of  tear  and  wear. 


Fig.  99. 
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T}ve  smallest  number  of  staves  commonly  met  with  in  a  trundle 

A  straight  rack  may  have  staves  instead  of  teeth ;  it  is  then  called 
'  'iJt-rack;  and  it  is  evident  that  the  fronts  and  backs  of  the  teeth 
'  %  vbeel  to  gear  with  it  should  be  parallel  to  involutes  of  the  pitch- 
rr^if  of  that  wheeL  On  the  other  hand^  a  tootheH.  straight  rack 
^iT  gear  with  a  trundle^  and  then  the  teeth  of  the  rack  are  to  be 
'need  bj  first  rolling  the  pitch-circle  of  the  trundle  on  the  pitch- 
I  ife  of  the  rack,  so  as  to  draw  cycloids,  and  then  drawing  curves 
liel  to  and  inside  those  cycloids,  at  a  distance  equal  to  the 


r^iiis  of  Uie  staves^ 

■e^The  action  of  a  pair 
'^  wheels  is   said  to  be 
'^^mhiUeni  when    there 
^  certain  parts  of  the 
" ''^lution  of  the  driver 
'••'riEg  which  the  follower 
'"fi^    stilL        This     is 
^t*.-cjdi  by  having  a  dead 
<^-.  or  portion  without 
*^-th,  sQch  as  A  E,  fig. 
''^'.  in  the  circamference 
■f  the  driver,  to  which 
'•^^re  oorresponds  a  suit- 
5 fie  yap  in  the  series  of 
'■■^:h  of  the  follower,  as 
^•veen  C  and  D;  and  in 
fv-st  cases  there  are  also 
^^  ^mred  a  gvide-plaUy  G 
H  gxed  to  one  side  of  the 
'  .i)wer,  which,  when  the 
f'Doection  of  the  wheeb 
u  renewed,  is  acted  UYX>n 
^7  a  "pin^  F,  in  the  driver. 
Sapfx>sing  the  radii  and 
'^e  pitch   of   a  pair  of 
^lif-els  to  be  given,  and 
ti>o  the  are  of  repose — by 
^^•ich  term  is  meant  the 
^Ticrth  upon   the    pitch- 
^^^rcle  of   the    driver  of 


Fig.  100. 


tLat   part  which    is    to  xi         ai.  j 

U.3  during  the  pause  in  the  movement  of  the  follower—the  method 
^t  designing  those  wheels  so  as  to  work  with  smoothness  ar 
precision  is  aa  £[>llowa: — 
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Draw  the  pitch-circles,  and  divide  them  as  usaal;  draw  also 
the  addendum-circles  and  root-circles  according  to  the  ordinary 
rales.  Mark  the  point,  K,  where  the  addendum-circles  cut  each 
other  at  the  receding  sidej  this  will  be  the  point  at  which  the 
action  of  the  teeth  will  terminate,  at  the  instant  when  the  pause 
begins.  Through  K  draw  a  curve  suited  for  the  front  of  a  tooth  of 
the  follower,  and  let  C  be  the  pitch<point  of  that  tooth.  Then, 
starting  from  C,  lay  off  the  pitch-points  of  the  fronts  and  backs  of 
the  teeth  of  the  follower,  and  draw  those  fronts  and  backs.  Then, 
looking  towards  the  approaching  side,  mark  the  furthest  tooth  from 
the  line  of  centres,  which  is  cut  by  the  addendum-circle  of  the 
driver;  let  D  be  the  pitch-point  of  th^  face  of  that  tooth.  The 
crest  of  the  tooth  D  is  to  be  cut  away  so  as  exactly  to  fit  the 
addendum-circle  of  the  driver,  and  the  teeth  between  it  and  the 
tooth  C  are  to  be  omitted,  leaving  a  smooth  part  of  the  root-circle 
between  the  front  of  C  and  the  back  of  D;  this  is  the  required 
gap. 

Measure  the  arc  C  D  on  the  pitch-circle  of  the  follower  between 
the  fronts  of  the  teeth  C  and  D,  and  to  its  length  add  the  length 
of  the  intended  arc  ofrepow;  from  the  sum  subtract  the  Bpaot^  B  £, 
that  is  to  be  left  between  each  pair  of  teeth  on  the  pitch-circle  of 
the  driver;  the  remainder  will  be  the  dtad  arCy  A  E,  which  is  to  bo 
laid  off  on  the  pitch-circle  of  the  driver.  The  two  ends  of  that  arc 
are  to  be  bounded  by  curves  like  the  front  and  back  of  a  tooth  of 
the  driver  respectively :  a  front  at  A,  a  back  at  £;  and  the  inter- 
vening part  of  the  rim  of  the  driver  is  to  have  a  smooth  edge 
coinciding  with  its  addendum-circle. 

For  the  purpose  of  renewing  the  connection  between  the  driver 
and  follower,  the  cylindrical  pin  F  is  to  be  fixed  with  its  centre 
in  the  pitch-circle  of  the  driver,  and  the  guide-plate  G  H  is  to  be 
fixed  to  the  corresponding  side  of  the  follower.  The  acting  edge 
of  the  guide-plate  is  to  be  shaped  like  the  front  of  a  tooth  for 
working  with  the  pin  F  (as  in  Article  141,  page  137);  and  the 
distance  on  the  pitch-circle  of  the  follower  from  the  front  of  that 
edge  to  the  front  of  the  tooth  D  is  to  be  equal  to  the  distance  on 
the  pitch-circle  of  the  driver  from  the  front  of  the  pin  F  to  the 
front  of  the  tooth  B ;  so  that  when  B  is  driving  D,  F  shall  at  the 
same  time  be  driving  G  H.  The  end  G  of  the  guide-plate  in  the 
position  of  repose  should  project  just  far  enough  inside  the  pitch- 
circle  of  the  driver  to  insure  that  the  pin  F  shaJl  meet  it 

The  action  in  working  is  as  follows : — Just  before  the  pause,  the 
front.  A,  of  the  dead-arc  drives  the  front  of  the  tooth,  C,  in  the 
usual  way  throughout  the  ordinary  path  of  contact;  and  then,  as 
there  is  a  gap  following  C,  the  crest  of  the  front  A  continues  to 
drive  G  until  the  crest  of  C  reaches  the  position  K,  and  clears  the 
addendum-circle  of  the  driver.     At  that  instant  the  driver  loses 
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figures  may  be  used  for  the  teeth  similar  to  the  figares  suited  for 
circalar  wheeb  of  those  radii;  and  in  drawing  those  figures  the 
approximate  methods  of  Article  140,  pages  134  to  136,  may  be 
employed.* 

*  The  following  relation  between  the  radii  of  cunratare  at  a  pair  of  oorre- 
aponding  points  of  a  pair  of  pitch-lines  that  roll  together,  may  be  nseful  to 
detenmne  one  of  those  radii  of  curvature  when  the  other  is  known.  Let 
r  and  r'  be  the  two  segments  into  which  the  pitch-point  divides  tiie  line  of 
centres  at  the  instant  when  the  pair  of  corresponding  points  in  qnestion  are 
in  contact ;  let  p  and  p'  be  the  two  radii  of  curvature  at  these  points,  and 
let  0  be  the  angle  which  those  radii  make  with  the  line  of  centres  at  the 
instant  before  mentioned;  then 
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When  the  pitch-lines  are  in  inside  gearing,  the  greater  of  the  two  segments, 
r,  r',  is  to  be  made  negative,  and  es^  ramus  of  curvature  is  to  be  considered 
as  positive  for  a  convex  and  nesative  for  a  concave  pitch-line. 

For  a  pair  of  equcU  elliptic  pUch-lines,  as  in  Article  108,  page  93,  the  radii 
of  curvature  at  a  pair  of  ooneeponding  points  are  equal,  aw  are  therefore 
both  given  by  the  following  formnls : — 


1  _  1  _  cos  g 

P      >'  ~     2 
or. 


(^  9^ i»> 


' "  '■  *  (f-  'Z«»>' "^  *•' 

and  the  same  fonnuln  vpply  to  any  pair  of  equal  and  timUar  lobed  pUch4ine9 
of  the  class  described  in  Article  109,  page  97. 

For  a  logarithmic  spiral  pitch-line  Article  110,  page  99)  the  radius  of 
curvature  at  any  point  ia  given  by  the  formiUa 


(3.) 


•^      OOS0' 

and  may  be  found  approximatdy  by  constroction,  as  already  described  in 
the  article  referred  to. 

Uoneqf  the  pitch-linee  ie  straight  (a  case  already  used  as  an  example  in 
Article  107,  puige  92),  the  recnprooJ  of  the  radius  <n  curvature  of  that  line 
is  at  every  point  equal  to  nothing;  so  that  equation  1  of  this  note  becomes 
(tor  the  other  pitch-line) 

7={^J)«- '^' 

Let  e  denote  the  length  of  the  line  of  centrai^  and  a  the  shottest  distanoo 
of  the  straight  pitch-line  from  its  own  axis  of  motion ;  then  f'  s>  ~^ ;  and 

r  m  c — f^sac g ;  consequently  equation  4  becomes 

-  = s ?; (4a-) 

or 

^"SiW-i-^rs (*»•>  . 
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L  Devdopmmt  of  Teeth. — Let  0,  fig.  101,  be  the  common  a 
of  the  pitch-conea,  O  B  I,  O  B'  I,  of  a  pair  of  bevel-wheels ;  O  ;-r/-. 
O  C  the  axes  of  those  cones ;  O  I  their  line  of  contact     Perp;vri<:^ 
dioular  to  0  I  draw  A  I  A',  cutting  the  axes  in  A,  A';  make  i.-.-.  < 
outer  rima  of  the  patterns  and:';',',  j 

^^^'*  t'lO  wheels  portions  of  the   coi 

■'■-._/  /)!  A  B  r.  A'  ir  I,  of  wliich  the  m 
\  k/V"  1  ™^  zones  occupied  by  the  tee 
\,MS/  -^  will  besufficiently  near  forpractic  i 
■I^B'  :  purposes  to  a  spherical  suria 
^^Rk^  i  described  about  O.  As  the  oonc 
^  y-'fy  A  B  I,  A'  B- 1,  cut  the  pitch-con. 
•''^  \         at  right  anjlea  in  the  outer  pitcl 

)   ,     circles,   I  B,   I  B',  they  may  I 

/i        ■" "      called  the  normal  conee.     To  6n 

[V.  101  the  traces  of  the  teeth   upon  tli 

normal  cones,  diaw  on  a  flat  sarfac 
circular  arcs,  I  D,  I  D',  with  the  rudii  A  I,  A'  I ;  those  ans  will  bi'~T 
the  devdopmenta  of  arcs  of  the  pitch -circles,  I  B,  I  B',  when  th< 
Clinical  surfaces,  A  B  I,  A'  B'  J,  are  spread  out  flat.  Describe  tht 
traces  of  teeth  for  the  developed  arcs  as  for  a  pair  of  spur-wheels, 
then  wrap  the  developed  arcs  on  the  normal  cones,  so  as  to  make 
them  coincide  with  the  pitch-circles,  and  trace  the  teeth  on  the 
conical  anrfaces. 

IL  Traca  and  ProjaUione  of  TeeA.—Fig.  102  illustrates  tho 
process  of  drawing  the  pn^edion  of  a  tooth  of  a  beod-tohed  on  a 
plane  perpendicular  to  the  axU.  In  the  fii-st  place,  let  A  C 
represent  the  common  axis  of  the  pitch-cone  and  nonna]  oone ;  A 
being  the  apex  of  the  normal  cone.  Let  A  I  be  the  trace  of  the 
normal  cone  on  a  plane  ttavcniog  the  axis  ;  and  let  1 1',  perpen- 
dicular to  I  A,  he  part  of  the  trace  of  the  pitch-cone  on  the  aamo 
plane,  of  a  length  equal  to  the  intended  breadth  of  the  toothed 
rim  of  the  wheeL  G  I  perpendicular  to  A  C  is  tiio  radius  of  tho 
pitcU-circle  in  which  the  pitch-cone  and  normal  cone  intersect  each 
other.  About  A,  with  the  radius  A  I,  draw  the  circular  arc 
DID,  making  D  I  =  I  D  =  half  the  pitch ;  D  I  D  wUI  be  the 
development  of  an  arc  of  the  pitch-circle  of  a  length  equal  to  the 
piteb.  On  the  arc  D  I  D  lay  off  I  O  ^  I  Q  =  half  the  thicknt.'ss 
of  a  tooth  on  the  outer  idtch-circle;  Then,  by  tho  rules  for  spur- 
wheels,  draw  the  trace,  H  O  E  O  H,  of  one  tooth  and  a  pair  of 
half-spaces,  with  a  suitable  addendum-circle  through  £,  and  a 
suitable  root-circle,  H  F  H. 

The  straight  line  FIE  will  be  the  trace,  upon  a  plane  travers- 
ing the  axis,  of  the  outer  side  of  a  tooth ;  and  E  and  F  will  be 
the  traces,  on  that  plane,  of  the  outer  addendum-circle  and  root- 
cinite  re^ectively.     From  E  and  F  draw  straight  lines,  E  B  and 
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Diride  tbe  depth,  F  E,  of  the  tooth  at  its  outer  side  into  any 
conTenient  nnmber  of  intervals.     Through  the  points  of  diTision 
draw  straight  lines  parallel  to  C  A;  these  will  cat/'«  in  a  series  of 
points,  which  will  be  the  projections  of  the  points  of  division  of 
F  E.     Through  the  points  of  division  of  F  £,  and  also  through 
the  projections  of  those  points,  draw  circular  arcs  about  A  as  a 
centre.     Measure  a  series  of  thicknesses  of  the  tooth  on  the  arcs 
which  cross  F  E,  and  lay  off  the  same  series  of  thicknesses  on  the 
corresponding  arcs  which  crosa/e;  a  curve,  hgegh,  drawn  through 
the  points  thus  found,  will  be  the  required  projection,  on  a  plane 
parallel  to  the  axis,  of  the  outer  side  of  a  tooth. 

The  projection,  U  g'  ti  g'  h\  of  the  inner  side  of  a  tooth  is  found 
by  a  similar  process,  except  that  the  measuring  and  laying-off  the 
thicknesses  is  rendered  unnecessary  by  the  fact  that  each  pair  of 
corresponding  points  in  the  projections  of  the  outer  and  inner  sides 
lie  in  one  straight  line  with  A.  For  example,  having  drawn  about 
A  a  circular  arc  through  t',  draw  the  two  straight  lines  A  g,  A  g  ; 
these  will  cut  that  arc  in  the  points  g',  ^,  being  the  points  in  the 
projection  of  the  inner  side  corresponding  to  ^,  ^  in  the  projection 
of  the  outer  side ;  and  thus  it  is  unnecessary  to  lay  off  the  thick- 
ness^ p^. 

145.  Tcetk  •f  8kew-Wv«l  WhetHm^ Oemmemi  CMdiitoM.  — The 
surfaces  of  the  teeth  of  a  skew-bevel  wheel  belong,  like  its  pitch- 
suiface,  to  the  hyperboloidal  class,  and  may  be  conceived  to  be 
generated  by  the  motion  of  a  straight  line  which,  in  each  of  its 
successive  positions,  coincides  with  the  line  of  contact  of  a  tooth 
with  the  corresponding  tooth  of  another  wheel  Those  surfaces 
may  also  be  conceived  to  be  traced  by  the  rolling  of  a  hy{>er- 
boloidal  roller  upon  the  hyperboloidal  pitch-surface,  in  the  manner 
described  in  Article  84,  pages  70  to  73. 

The  conditions  to  be  fidfilled  by  the  traeet  of  ike  fronts  and 
hacks  of  the  teeth  on  the  hyperMauial  pUch-suTface  are  : — ^A  That 
each  of  those  traces  shall  be  one  of  the  generating  straight  lines  of 
the  hyperboloid  (Article  106,  page  89);  B.  That  the  nwmal  pitch, 
measured  from  front  to  front  of  the  teeth  along  the  normal  spiral 
(Article  106,  page  89),  shall  be  the  same  in  two  wheels  that  gear 
together — (this  second  condition  is  always  fulfilled  if  the  two 
pitch-surfaces  are  correctly  designed,  and  the  numbers  of  teeth 
made  inversely  proportional  to  the  angular  velocities);  and  C.  That 
the  teeth,  if  in  outside  gearing,  shall  be  right-handed  on  both 
wheels,  or  l^handed  on  both  wheels;  and  if  in  inside  gearing, 
oontniy-handed  on  the  two  wheels. 

Skew-bevel  teeth  may  be  said  to  be  RiOHT^oiarDED  or  LEfT- 
BAXDBD,  according  to  the  direction  in  which  tbe  generating  lines 
of  tbe  teeth  appear  to  deyiate  from  the  axb  when  looked  at  with 
the  axis  upright^  as  in  &g.  103,  page  147.      For  example,  the  wheel 
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wheel,  as  found  by  Rule  I.  of  Article  106,  paae  88.     Draw  b/ 
Bulea  IL  and  III.  of  that  Article,  pages  88,  89,  the  normal  I A 


and  tangent  I  F  F,  to  the  trace  of  the  pitch-surfiice  at  L  Then 
find,  by  Rule  Y.  of  that  Article,  page  89,  the  radius  of  curvature 
of  the  normal  spiral  at  the  point  I,  and  lay  off  that  radius  of 
curvature,  I  8,  along  the  normal 

In  fig.  104  (which  is  on  a  laiger  scale  than  fig.  103,  for  the  sake 
of  distinctnessV  let  A  C,  as  before,  be  the  axis  of  the  wheel,  0  I 
the  radius  of  tne  middle  pitch-circle,  I  A  the  normal,  and  I  8  the 
radius  of  curvature  of  the  normal  spiral ;  draw  I  N  perpendicular 
to  I  &  Then,  by  Rule  Y.  of  Article  106,  page  89,  find  the  angle 
(=  O ^  F  in  fig.  68,  page  88)  which  a  tangent  to  the  normal  spiral 
makes  with  a  tangent  to  the  pitch-circle,  and  draw  I  P,  making 
that  angle  with  I  N.  Lay  off  I  P  eoual  to  the  filch  as  meeuured 
on  the  middle  pilch-^rde;  let  fall  P  N  perpendicular  to  I  N;  then 
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I X  will  be  tlie  normal  pitch  at  the  ndddle  pUch^cirde.  About  S, 
^ith  the  radius  8  I,  draw  a  circular  arc,  and  lay  off  on  that  arc 
*he  distasce,  D  I>,  equal  to  the  normal  pitch,  one-half  to  each  side 
nf  L  Lay  off  the  intended  middle  thickness,  O  G,  of  a  tooth,  one* 
half  to  each  side  of  L  Then  draw,  by  the  rules  for  spur-wheels, 
the  normal  section^  H  G  E  G  H,  of  a  tooth,  being  its  trace  upon  a 
Hir&ce  which  cuts  it  normally  at  the  middle  of  the  breadth  of 
the  rim  of  the  wheel. 

IL  TrQ4»  of  a  Tooth  on  the  Normal  Gone, — Through  A  in  fig.  104 
^raw  A  i  panillel  and  equal  to  C I ;  and  through  I  draw  It  parallel 
jDd  equal  to  C  A.  About  A,  with  the  radius  A  t,  draw  the  circular 
^rc  d  d,  equal  in  length  to  I  P,  the  pitch  on  the  pitch-circle,  and 
having  the  middle  of  its  length  at  the  point  i.  This  will  be  the 
arc  on  the  pitch-circle  corresponding  to  the  arc  D  D  on  the  normal 

Divide  E  F,  the  middle  depth  of  the  tooth,  into  any  convenient 

nnmber  of  intervals;  and  through  E  and  F  and  the  points  of 

<lWmon  draw  straight  lines  parallel  to  1 1,  cutting  A  t  e  in  a  series 

^^  corresponding  points.     Through  the  points  in  £  F  draw  circular 

arcs  about  S.     Through  the  corresponding  points  of  ef  draw  cir* 

<^i^ar  arcs  about  A.     From  the  points  where  the  arcs  cut  the  trace 

^  Cr  H  measure  oblique  half-thicknesses  to  the  centre  line,  E  F,  of 

^^e  tooth,  aloTig  oblique  lines  drawn  paralld  to  T  1;  and  lay  off 

those  half-thicknesses  at  both  sides  of  ef,  along  the  arcs  which  cross 

i^    Through  the  points  thus  found  draw  the  curve  hg  eg  h;  this 

will  be  the  projection,  on  a  plane  perpendicular  to  the  axis,  of  the 

frace  of  a  tooth  upon  the  normal  cone  of  the  pitch-surface  at  Hie 

mddle  of  its  breadth;  that  is,  upon  the  cone  whose  trace  is  A  I  in 

%•  103.     (If  it  be  desired  to  draw  the  development  of  that  trace, 

^Y  off  the  oblique  half-thicknesses  along  arcs  drawn  about  A, 

tbrough  the  points  of  division  of  the  radius  A  F  I  E     The  result 

is  the  drawing  of  an  outline  outside  of,  and  nearly  parallel  to, 

H^  0  E  G  H.    To  prevent  confusion,  it  is  not  shown  in  the  figure.) 

If  the  pitch-circle  chosen  is  at  the  throat  of  the  hyperboloid,  the 

oorinal  cone  becomes  simply  the  plane  of  that  circle ;  and  in  fig. 

104,  A  fie  coincides  with  A  F  I  E.  • 

III.  Projections  of  the  Middle  Lines  of  a  Tooth.—ln  fig.  103,  let 
^  I  E  and  fie,  as  before,  represent  the  projections  of  the  central 
<^<^pth  of  a  tooth,  being  part  of  a  normal  (£  I  F  A,  e  if  a)  to  the 
pitch-surface  at  a  i)oint,  I  i,  in  the  middle  pitch-circle,  whose  radius 
i«  C  I  =  a  t;  so  that  F,/,  I,  t,  and  E,  e  are  the  projections  of  the 
^f*iddle  points  of  the  tooth  at  the  root,  at  the  pitch-surface,  and  at 
^e  crest  respectively;  and  let  it  be  required  to  find  the  projections 
of  the  mdddle  lines  of  that  tooth  at  the  root,  pitch-surface,  and 
crest  respectively. 
About  a  draw  the  circles//',  t »',  and  e  ^;  being  the  projection- 
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on  a  plane  perpendicular  to  the  axia,  of  the  root-cirde  through  F, 
the  pitch-circle  through  I,  and  the  addendum-cirde  through  £. 
Draw  also  about  a  the  pitch-circle  at  the  throat  of  the  hyperboloid, 
an4  let  a  r  be  its  radius.  Through  %  draw  a  straight  line,  1 1*  %\  so 
as  to  touch  this  throat  pUch-drdef  and  let  that  straight  line  cut  the 
circle  « t '  in  »  and  €,  Draw  the  straight  lines//*  /'  and  ee*  & 
parallel  to  «  T  i'.  Then  these  three  parallel  lines  will  be  the  prth 
jecUons  of  the  three  middle  lines  before  mentioned,  on  a  plane 
perpendtadar  to  the  axis. 

Describe  about  a  two  circles  touching  fff'  and  «  e*  ^  respec* 
tivelj.  These  will  be  respectively  the  root^rae  and  the  addendum- 
circle  oA  the  throai  of  the  hyperMaUi  The  roots  and  crests  of  all 
the  teeth  lie  in  a  pair  of  hjperboloidal  sut&oes  traversing  this 
pair  of  ciides,  and  traversing  also  the  pair  of  circles  through  F 
and  £. 

The  projection,  on  a  plane  traversing  the  axis,  of  the  middle  line 
of  the  tooth  on  the  pitch-surface  is  the  tangent  1 1'  already  found, 
the  points  F  and  i"  being  in  one  straight  line  parallel  to  a  A.  To 
find  the  corresponding  projectiona  of  the  other  two  middle  lines, 
there  are  two  methods. 

First  Method — From  the  points  of  contact/'  and  e',  parsllel  to 
a  A,  draw  /*  F*  and  e"  £',  cutting  a  »  in  F*  and  £*  respectively. 
Join  F  F*  and  £  £\     These  will  1^  the  required  projections. 

Seoond  Method — ^Lay  off  on  the  axis,  a  C  ^  a  C,  and  a  A*^ 
a  A,  and  draw  C  T  parallel  to  C  I :  then  CT  F  will  be  part  of  the 
projection  of  a  pitdi-ctrde  equal  to  O  L  From  t',  parallel  to 
A  a  A',  draw  %  1\  cutting  C  T  in  F.  Then  t  and  I'  will  be  the 
two  projections  of  one  pitch-pointy  and  II'  F  will  be  one  straight 
line.  J<»n  A'  F.  This  will  be  the  projection  of  a  normal  to  the 
pitch-sutfetce  at  I'.  Through  f'  and  #  (which  lie  in  one  radius, 
af  a  tfV  draw /'  F  and  ^  E  mrallei  to  A  a  A',  cuttmg  A'  F  in 
F  and  k  respectively.  Join  F  F  and  £  F.  These  will  be  the 
required  projectiona  of  the  middle  lines  at  the  root  and  qiest  of  the 
tooth  respectively. 

lY.  Complete  Frojedionqfa  Tooth  ona  Plane  Nomud  to  the  Axis. 
— ^Let  thtf  plane  of  projection  in  fig.  105  be  normal  to  the  axis  of 
the  wheel,  and  (as  in  fig.  103)  let  a  be  the  axis ;  let  the  circles  e  e\ 
i  i\  and  //',  be  the  projectiona  of  the  middle  addendum-circle, 
middle  pitch-circle,  and  middle  root-circle  of  the  intended  wheel ; 
let  the  circles  through  e,  T,  and/'  be  the  corresponding  circles  at 
the  throat  of  the  pitch-surface ;  and  let  the  parallel  straight  lines 
e^  «,  t  tT,  fffy  be  the  projections  of  the  middle  lines  of  a 
tooth  at  the  crest^  pitch-surface,  and  root,  drawn  according  to  the 
preceding  rules. 

At  the  end  of  the  radius  afi  e  construct,  by  the  rules  already  given, 
the  projection  of  the  trace  of  the  tooth  upon  the  middle  normal 
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owe,  being  the  corre  marked  hfftffhinGg.  lOi;  and  at  the  end 

of  the  radius  af  i'  g  conatntct  a  similar  and  eqnal  fignra.     From 

•  Kries  of  poiuta  in  the  figure  at  fi  »  draw  straight  lines  to  the 

correspoDding  points  in  the  fignre  aXf  i  «';  each  of  thcve  itnught 

lines  will  be  the  projection  of  a 

gtneratmg  line  of  the  sur&ce  of  the 

loolh.     For  example,  the  straight 

liDM  from  the  comers  of  the  crest 

at  «  to  the  corresponding  corners 

of  the  creat  at  e*  (both  of  which 

lioes  touch  the  circle   throngh  «') 

will    be    the    projectioos    of   the 

two    edges    of    the    crest ;     the 

Knight    lines    from   the   pair  of 

poiutB  Ther«  t^c  car^-e  at  /  »  o 

«Qtt  the   pitch-circle  to  the  cor- 

n^nding    pair  of   points    near 

ftV  (both  of  which  lines  touch 

the  circle  through  t*)   will  be  the    < 

projections  of  the  lines  in  which 

(he  front  and  back  of  the  tooth 

respectively  cut  the  pitch-surface ; 

nut  the  straight  lines  from  tin 

hottMns    of    the    clearing   curves 

feu  /to  the  corresponding  points 

■Mr/'  (both  of  which  lines  tonch 

the  cirda  through/^  will  be  the 

prtgections  of  the  lines  marking  the 

bottoms  of  the  hollows  of  which 

these  enrvM  are  the  ttaoea. 

The  in-ojections  of  the  enter  and 
ioDa'  sides  of  the  tooth  (being 
portioos  of  the  outer  and  inner  sides  of  tbe-rim  of  the  wheel)  ar« 
Sgnres  Bimilar  to  the  curve  at  fie,  and  constructed  by  the  same 
aetbod ;  the  dimensioos  of  the  former  being  larger  and  those  of 
the  latter  smaller  than  the  dimensions  of  that  mitUle  figure,  in  the 
|n^>ortion  in  which  the  nulii  of  the  outer  and  inner  pitch-circlea 
*n  respectively  greater  and  smaller  than  those  of  the  middle  jMtdi- 
circle.  (As  to  those  two  circles,  see  Article  106,  page  90.)  The 
tooth  in  fig.  105  is  drawn  of  en  exaggerated  breadth,  in  order  to 
•iiow  more  clearly  the  construction  of  the  figure. 

T.  Modelling  Slceto-hetd  Teeth Construct  a  frame  of  rods  to  re- 

|rnent  the  axis  A  A'  in  fig.  103,  the  equal  radii  C  I  and  C  I',  the 
fqaal  normals  A  F  I  £  and  A'  F  I'  E",  and  the  generating  line  II'. 
Hake  a  pair  of  equal  and  similar  templets,  each  of  the  shape  and 
'     >■  of  the  normal  section  of  a  tooth,  H  Q  £  Q  H,  fig.  101. 
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Fix  those  two  templets  to  the  frame  at  F I  E  and  F  T  F,  fig.  103, 
with  their  flat  sur&ces  parallel  to  each  other  and  normal  to  the 
rod  ir.  Then  a  straight  edge  or  a  stretched  wire,  made  to  touch 
the  edges  of  the  templets  at  a  pair  of  corresponding  points,  will 
mark  one  of  the  generating  lines  of  a  tooth;  and  bj  the  help  of 
this  apparatus,  teeth  may  be  modeUed  suitable  either  for  the  pitch- 
circle  tnrough  C,  or  for  that  through  C,  or  for  the  pitch-circle  at 
the  throat  of  the  hjperboloid,  or  for  any  other  pitch*circle  on  the 
same  hyperbolold. 

147.  The  Twmmmttnm  OkU^alty  •€  fUicw-kcTcl  Tcdk  is  the  angle, 

PIN,  fig.  104,  page  148  (equal  to  O  ^  F'  in  fig  68,  page  88),  which 
the  normal  spiral  makes  with  the  pitch-circle;  or  it  may  be  other- 
wise defined  as  the  angle  which  the  generating  line  of  a  tooth  on 
the  pitch-surface  makes  with  the  generating  line  of  a  tangent  cone 
at  a  given  point,  I.  From  the  rule  for  finding  that  angle  (Article 
106,  page  89),  it  is  evident  that,  with  a  given  hyperboloidal  pitch- 
surface,  the  transverse  obliquity  of  the  teeth  is  greatest  at  the 
throaty  and  is  the  less  the  farther  the  middle  pitch-circle  of  the 
wheel  is  removed  from  the  throat.  Hence,  it  is  generally  advisable, 
in  designing  skew-bevel  wheels,  to  place  the  pitch-circles  as  far  as 
practicable  from  the  throats  of  the  hypcrboloids,  because  obliquity 
of  action  tends  to  increase  friction. 

148.  fUiew^tercl  Wkecls  ta  9oaM«  Psin.— Skew-bevel  wheels 
possess  a  property  which  ordinary  bevel  wheels  do  not — ^viz.,  that 
of  being  capable  of  combination  by  double  pairs,  as  in  fig.  106.  The 
upper  part  of  the  figure  represents  a  projection  on  a  plane  parallel 
to  the  line  of  contact,  1 1',  and  to  the  common  perpendicular  of  the 
axes  F  G.  The  lower  part  of  the  figure  represents  a  projection  on 
a  plane  normal  to  the  common  perpendicular.  Small  letters  in  the 
second  projection  correspond  to  capital  letters  in  the  first  projection. 

B  and  B'  are  two  equal  and  similar  "Wheels  fixed  on  the  shaft 
A  A',  with  pitch-surfaces  forming  parts  of  the  same  hyperboloid, 
and  at  equal  distancea  from  its  throat.  They  have  equal  and  similar 
teeth,  with  equal  obliquities  in  the  same  direction ;  and,  in  short, 
both  wheels  may  be  cast  from  the  same  pattern.  In  the  example 
given,  the  teeth  of  both  wheels  are  right-handed.  In  like  manner, 
J)  and  jy  are  two  equal  and  similar  wheels  fixed  on  the  shaft  C  C; 
B  gmra  with  D,  and  F  with  D'. 

This  arrangement  may  be  useful  where  it  is  desired,  for  the  sake 
of  strength  or  of  steadiness  of  motion,  to  divide  the  force  exerted  in 
transmitting  the  motion  between  two  pairs  of  wheels. 

149.  Tccih  with  mu^iwt^  Backs.— The  teeth  described  in  the  pre- 
ceding Articles  of  this  Section  have  their  backs  similar  to  their 
fronts,  so  that  the  motion  of  the  wheels  may  be  reversed,  the  backs 
then  acting  as  the  fronts  did  during  the  forward  motion.     There 

'""*>y  cases  in  mechanism  in  which  it  is  not  necessary  that  the 
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motion  of  the  wheels  should  ever  be  reversed ;  and  in  such  cases 
the  backs  of  the  teeth  of  a  pair  of  wheels  are  required  simply  to  be 


Fig.  106. 

cf  Kucb  shapes  as  to  clear  each  other,  without  reference  to  the  trans- 
snission  of  motion.  The  consequence  of  this  is,  that  although  the 
traces  of  the  backs  must  still  belong  to  the  same  class  of  curves 
»ith  the  traces  of  the  fronts,  their  obliquity  may  be  considerably 
inn-eased,    the    eifect    being    to    strengthen  the  teeth   at   their 

rrota.* 

The  most  convenient  curves  for  the  traces  of  the  backs  of  teeth 
"Jndcr  those  circumstances  are  involutes  of  a  circle,  for  which  there 
maybe  substituted  in  practice  circular  arcs  approximating  to  them; 

•  This  was  first  pointed  out  by  Profeaaor  Willia. 
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and  the  method  of  drawing  those  arcs  is  as  follows: — ^Let  fig.  107 
represent  the  trace  of  part  of  a  wheel  with  its  teeth,  that  whe^ 
being  the  smallest  wheel  of  a  set  that  are  to  be  capable  of  gearing 
together;  because  the  smallest  wheel  of  snch  a  set  requires  the 
greatest  addendum :  let  C  be  the  centre,  A  A  the  addendum-drde^ 


Fig.  107. 

B  B  the  pitch-circle,  D  D  the  root-circle,  and  let  E'  F  J*,  E  I  J, 
K  r  «r,  be  the  fronts  of  teeth  designed  according  to  the  proper 
rules^  and  F*,  F,  F,  the  pitch-points  of  the  backs  of  those  teeth. 
To  anj  one  of  those  back  pUcfi-poinia,  as  F,  draw  the  radius  C  F; 
bisect  C  F  in  O,  and  about  G  draw  the  semicircle  F  K  C.  Draw  a 
straight  iine^  H  K,  perpendicular  to  and  bisecting  the  distance,  E  F, 
between  the  crest  £  and  back  pitch-point  F;  and  let  that  straight 
line  cut  the  semicircle  in  K.  About  the  centre  C,  with  the  radios 
O  K,  diaw  the  circle  K'  K  K';  this  will  be  the  baM<irde  of  the 
required  involutes  (see  Article  131,  page  121). 

To  draw  the  circular  arcs  approximating  to  those  inyolutes, 
lay  off,  from  the  back  pitch-points  to  the  base-circle,  the  equal 
distances  F*K'>=FK'=sFK,dco$  and  about  the  respective 
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cratm,  K,  K',  K',  4a,  draw  the  circular  arcs  E  F  L,  E"  F  L', 
ePL'.Ac 

Iq  each  of  the  larger  wheels  of  the  set,  the  radins  of  the  base- 
tirde  for  the  bocks  is  to  bear  to  the  ntdiiu  of  the  pitch-circle  the 

eolutant  proportion  =-=,  in  order  that  the  backs  of  the  teeth  of  all 

the  wheels  of  the  set  may  have  the  eame  obliquitr — viz.,  the  angle 
KCP. 

Id  a  straight  tack  capable  of  gearing  with  any  wheel  of  the  set, 
the  traces  of  the  backs  of  the  teeth  are  to  be  straigbt  lines,  making 
vith  the  pitch-line  an  angle  equal  to  C  F  K. 

150.  awpnu  TMik— In  order  to  increase  the  smoothness  of  the 
■etion  of  toothed  wheels.  Dr.  Hooke  invented  the  making  of  the 
fronts  of  teeth  in  a  series  of  steps,  as  shown  in  fig.  108,  where  tin 
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upper  part  of  the  figure  is  a  projection  of  the  rim  of  a  wheel  with 
stepped  teeth  on  a  plane  ^larallel  to  the  axis,  and  the  lower  part 
is  a  projection  on  a  plane  perpendicular  to  the  axis.  A  wheel 
thus  formed  resembles  in  shape  a  series  of  equal  and  similar  toothed 
discs  placed  side  by  side,  with  the  teeth  of  each  a  little  behind 
those  of  the  preceding  disa  In  such  a  wheel,  let  p  be  the  circular 
pitch,  and  n  the  number  of  steps.  Then  the  path  of  contact,  the 
addendum,  and  the  extent  of  sliding,  are  those  due  to  the  divided 

pitch  -,  while  the  strength  of  the  teeth  is  that  due  to  the  thickness 

corresponding  to  the  total  pitch  p;  so  that  the  smooth  action  of 
small  teeth  and  the  strength  of  large  teeth  are  combined.  The 
action  of  small  teeth  is  smoother  and  steadier  than  that  of  large 
teeth,  because  thej  can  be  made  to  approximate  more  closely  to 
the  exact  theoretical  figure;  and  also  because  the  sliding  motion  of 
one  tooth  upon  another  is  of  less  extent.  In  the  example  shown 
in  fig.  108  there  are  four  steps,  so  that  the  divided  pitch  is  one- 
fourth  of  the  total  pitch ;  and  the  path  of  contact  (£  I  F,  in  the 
lower  part  of  the  figure)  is  of  the  length  suited  to  the  divided 
pitch,  being  only  one-fourth  of  the  length  which  would  have  been 
required  had  the  fronts  of  the  teeth  not  been  stepped. 

151.  Helical  Tcdh,  also  invented  by  Dr.  Hooke  with  the  same 
object,  are  teeth  whose  fronts,  instead  of  being  parallel  to  the  line 
of  contact  of  the  pitch-cylinders  of  a  pair  of  spur-wheels,  cross  that 
line  obliquely,  so  as  to  be  of  a  screw-like  or  helical  form :  in  other 
words,  they  are  teeth  of  the  figure  of  short  portions  of  tereio-threada 
(Article  58,  page  36) ;  the  trace  of  each  thread  on  a  plane  perpen- 
dicular to  the  axis  being  similar  to  that  of  a  stepped  tooth,  as 
shown  in  the  lower  part  of  fig.  108.  Fig.  108  a  shows  a  projection 
of  the  rim  of  a  wheel  with  helical  teeth  on  a  plane  parallel  to 
the  axi& 

In  order  that  a  pair  of  wheels  with  parallel  axes  and  helical 
teeth  may  gear  correctly  together,  the  teeth,  besides  being  of  the 
same  circular  pitch,  must  have  the  same  transverse  obliquity;  and 
if  in  outside  gearing,  they  must  be  right-handed  on  one  wheel  and 
left-handed  on  the  other.  If  in  inside  gearing,  they  must  be  either 
right'handed  or  left-handed  on  both  wheel&  In  fig.  108  a  the 
teeth  are  lefl-handed.  In  wheel-work  of  this  kind  the  contact  of 
each  pair  of  teeth  commences  at  the  foremost  end  of  the  helical 
fronts,  and  terminates  at  the  aftermost  end;  and  the  rims  of  the 
wheels  are  to  be  made  of  such  a  breadth  that  the  contact  of  one 
pair  of  teeth  shall  not  terminate  until  that  of  the  next  pair  has 
oomroenoed. 

Helical  teeth  are  open  to  the  objection  that  they  exert  a  laterally 
oblique  pressure,  which  tends  to  increase  friction. 

When,  in  designing  a  skew-bevel  wheel,  a  portion  of  the  tangent 
cylinder  at  the  throat  of  the  hyperboloid  (Article  106,  page  87; 
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lod  Axtide  85,  page  73)  is  used  as  an  approximation  to  the  true 
pttcfa-surface,  the  teeth  of  that  wheel  become  screw-threads,  having 
t  transverse  obliquity  determined  by  the  principles  of  Article  147, 
pige  152;  and,  as  has  been  already  stated  in  the  ai-ticle  referred  to, 
they  are  either  right-handed  or  left-handed  in  both  wheels. 

152,  8ct«w  Mid  If  at. — The  figure  of  a  true  screw,  external  or 
iotemal,  and  the  motion  of  a  screw  working  in  a  corresponding 
screw-shaped  bearing,  have  been  described  in  Articles  57  to  66, 
pages  36  to  42.  In  the  elementary  combination  of  an  external  and 
irUemal  screw,  more  commonly  called  a  screw  and  ntUy  the  two 
pieces  have  threads,  one  external  and  the  other  internal,  of  similar 
figures  and  equal  dimensions,  so  as  to  fit  each  other  truly ;  and  one 
of  them  turns  about  their  common  axis  without  translation,  while 
^  other  slides  parallel  to  that  axis  without  rotation.  The  best 
form  of  section  for  the  thi*eads  is  rectangular.  The  comparative 
^notion  is,  that  the  sliding  piece  advances  through  a  distance  equal 
to  the  pitch  (viz.,  the  "  Mai  aacMpUch")  during  each  revolution  of 

tlie  turning  piece.  If  the  threads  are  j  ^^^^l^'  }  the  sliding 
piece  18  made  to  move  towards  an  observer  at  one  end  of  the  axis 
|^i11*'^dt?}  «>***-'  -d  to  n,ove  from  him  by{^«J;. 
bnded  i  '^^^tion,  of  the  turning  piece.     The  combination  belongs 

to  Mr.  Willises  Class  A,  because  the  velocity-ratio  is  constant ;  and 
tiie  extent  of  the  motion  is  limited  by  the  length  of  the  screw. 

153.  ftcvcw  Whcel-Wmrk  !■  OcbctaI. — Screw  wheel-work  consists 
^  wheels  with  cylindrical  pitch-surfaces,  having  screw-thi-eads  or 
«eHcal  teeth  instead  of  ordinary  teetl;  One  case  of  screw-gearing 
'^been  described  in  Article  151,  page  156 — viz.,  that  in  which 
^\  axes  are  parallel.  The  cases  to  which  this  and  the  following 
Nicies  relate  are  those  in  which  the  axes  are  not  pamllcl;  so 
^t  the  pitch-surfaces  in  an  elementary  combination  are  a  pair 
flinders  touching  each  other  in  one  pitch-point,  like  those  repre- 
?«ited  in  Article  85,  fig.  55,  page  73.  The  pitch-point  (O',  fig.  55) 
^  obviously  in  the  common  perpendicular  of  the  two  axes  (F  Q', 
%  55);  and  there  is  one  straight  line  traversing  the  pitch-point 
\^  O,  fig.  55),  which  is  a  tangent  at  once  to  the  two  pitch- 
flinders  and  to  the  acting  surfaces  or  fronts  of  each  pair  of 
threads  at  the  instant  when  those  surfaces  touch  each  other  at  the 

S^h.point:  that  straight  line  may  be  called  the  unb  of  contact. 
^^^  angles  qf  inclination  of  the  screw-threads  to  the  two  axes  (see 
A^Hicle  63,  page  40)  are  equal  respectively  to  the  angles  made  by 
^be  line  of  contact  with  those  axes.  The  pitcb-cibcles  of  the  two 
screws  are  the  two  circular  sections  of  the  pitch-cylinders  which 
^▼eise  the  pitch-point    The  plans  of  oonnnotion^  or  planx  op 


•-1 


158 


GBOMKTRT  OF  MACHIKERT. 


ACTION,  ifl  a  pkiie  tnyeniDg  the  pitch-point  normal  to  the  line  of 
contact :  that  plane,  of  course,  traverBes  the  common  perpeadicolar 
of  the  axe& 

When  the  line  of  contact  is  fonnd  by  the  rale  given  in  Article 
84,  page  71,  the  cylindrical  pitch-snrfaoes  represent  the  tangent- 
cylindera  at  the  throats  of  a  pair  of  hyperboloids;  and  the  screw- 
threads  are  approximations  to  the  skew-bevel  teeth  suited  for  that 
combination,  as  already  stated  in  Article  151,  page  156.  But  in 
many  cases  the  line  of  contact  has  positions  greatly  differing  from 
this;  and  then  the  comparative  motion  becomes  different  from  that 
of  a  pair  of  skew-bevel  wheels;  the  object  of  8crew-iCBaidniLin.anch 
cases  being  to  obtain,  * 
surfaces,  a  velocity-ratio 
those  surfaces;  and  sucl 
skew-bevel  gearing  and  sc 

In  every  elementary  c 
the  two  pieces  is  at  once  a 
when  their  diameters  are 
smaller  diameter  the  end 
the  greater  diameter  the 
(&rther  on)  ai  is  the  woi 
wheel.  The  word  "  endl 
motion  being  unlimited. 

Screw  wheel-work  beloi 
ratio  being  constant 

The  following  are  the  g 
tions  in  screw  wheel-work 

I.  The  angular  velociti 
their  times  of  revolution 
whence  it  follows  that  the : 
in  whole  numbers,  as  in  tl 

XL  The  divided  namu 
measured  on  the  pitch-cyL 
that  gear  together. 

IIL  The  common  oompi 
in  the  two  screws  at  the 
each  other  and  pass  the  pi 
contact  and  to  the  comm 
words,  it  coincides  with  th 
and  the  common  tangent-f 

rV.  The  dreular  or  cm 
(Article  42,  page  66),  as 

proportional  to  the  total  velocities  of  points  (called'  the  surface 
vdoeitiea)  in  those  cylinders;  and  they  bear  the  same  proportion  to 
the  divided  normal  pitch  that  those  total  velocities  heir  to  their 
<i<Miunon  oomponflntb 
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y.  The  rdalive  transverse  diding  of  a  pair  of  threack  ihat  are  in 
•ctioii  takes  place  along  the  line  of  contact. 

It  will  be  shown  in  the  next  article  that  for  a  given  pair  of 
ties  and  a  given  angular  velocity-ratio  the  relative  transverse 
didbg  is  least  when  the  pitch-cylinders  are  the  tangent-cylinders 
tt  the  throats  of  a  pair  of  skew-bevel  hyperboloid& 

\5L  IICKw  Wkecl-W«vfc— Bales  f«r  JDmwlac.— In  figS.  109  and 

110  the  plane  of  projection  is  supposed  to  be  the  common  tangent- 
plane  of  the  two  pitch-cylinders;  and  I  represents  the  pitch-point; 
which  is  also  the  trace  and  projection  of  the  common  perpendicular 
of  the  two  axes. 

L  GiveHy  ifu  prcjedione  of  the  two  axes,  the  angular  vdocUy^ 
folio,  and  the  radii  of  the  two  pUdi-ctflindere,  to  find  the  proper-' 
tionate  values  of  their  eurface-velocities,  and  the  proportionate  \^ 
value  and  direction  ofiht  velocity  of  transverse  sliding.  The 
two  cylinders  may  be  called  respectively  A  and  a. 

In  £g.  109,  let  I A  and  I  a  represent  the  projections  of  v 
the  two  axes.  Along  those  projections  lay  off  lengths  I  A, 
I  a,  proportional  to  the  two  angular  velocities  of  rotation, 
and  pointing  in  the  direction  in  which  an  observer  must 
look  from  I  in  order  to  make  both  rotations  seem  right- 
banded.  Draw  the  straight  line  A  a,  and  divide  it  at  K 
into  two  parts  inversely  proportional  to  the  radii  of  the 
two  pitch-cylinders;  in  other  words,  let  B  and  b  denote 
the  radii  of  the  cylindera  A  and  a  respectively,  so  that 
B  +  5  is  the  length  of  the  common  perpendicular,  or  line 
of  centres;  and  let  K  divide  A  a  in  the  following  proper* 
tion: — 

B  -¥  b  :B  :h 
Aa  :Ka :KA 


•  > 


Complete  the  parallelogram  I  V  K  r;  then  IV,  I  r,  and 
the  diagonal  I  K,  wiU  be  respectively  proportional  and 
perpendicular  to  the  surface  velocity  of  the  cylinder  A, 
the  surface  velocity  of  the  cylinder  a,  and  the  velocity  of 
relative  transverse  sliding  at  the  pitch-point  I. 

Or  otherwise,  by  calculation ;  let  -^  be  the  ratio  of  the 

angular  velocities,  and  ^  that  of  the  radii;  th^n  -r-^  is 

obviously  the  ratio  of  the  surfieice  velocities. 

It  is  obvious  that  for  a  given  pair  of  axes  and  a  given 
pair  of  angular  velocities  the  velocity  of  transverse  sliding    | 
is  least  when  I  K  is  perpendicular  to  A  a.      But  A  a  is    qJ 
parallel  to  the  line  of  contact  of  a  pair  of  hyperboloidal  Fig.  109. 
pitch-Barfluea  for  dsew-bevel  wheels  having  the  given 
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velocity-ratio ;  and  this  is  the  demonstration  of  the  statement  in 
the  preceding  article,  that  screws  which  coincide  approximately 
with  skew-bevel  wheels  give  the  least  possible  transverse  sliding 
of  the  threads  for  a  given  pair  of  axes  and  a  given  velocity-ratio 
(see  page  159). 

The  proportionate  value  of  the  common  component  qf  the  eurface 
ifdoeitiee  may  be  represented  by  the  length  of  a  perpendicular  let 
fall  from  either  Y  or  v  upon  I  K ;  but  the  next  rule  gives  a  more 
convenient  way  of  representing  both  it  and  the  transverse  sliding. 

U.  To  draw  the  line  qf  contact,  and  to  find  the  proportions  borne 
to  the  surface  velocities  hy  fJidr  common  component^  and  by  the  trans- 
verse diding;  also  the  proportions  borne  to  each  other  by  the  circular 
pitches,  the  divided  axial  pitches,  and  the  divided  normal  pitch. 


^^,^ 
.--''/ 


In  fi^.  110  (as  in  fig.  109),  let  I  represent  the  pitch-point,  and 
I A  and  I  a  the  projections  of  the  two  axes.  Perpendicular  to  I A 
and  I  a  respectively,  draw  I C  and  I  c,  of  the  proper  lengths,  and 
in  the  proper  directions,  to  represent  the  sur&ce  velocities  of  the 
two  pitch-cylinders  at  the  point  I;  draw  the  straight  line  Cc, 
catting  the  projections  of  the  two  axes  in  P  and  p  respectively; 
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tBd  Upon  Ce  let  fall  the  perpendicular  I N  (which  will  obviously 
be  parallel  to  I  K  in  fig.  109).     Through  I  draw  TIT  parallel  to 

Then  TIT  will  be  the  line  of  contact;  I  N  will  represent  the 
common  eomponent  of  the  aurfixce  velocities  (and  will  also  be  the 
trace  of  the  plane  of  connection);  Ce  will  represent  the  vdodty  qf 
tranneree  diding;  and  the  proportions  of  the  several  divided 
pitches  will  be  as  follows : — 

I  C  :  circular  pitch  of  A. 

:  :  I  c  :  circular  pitch  of  a. 
: :  I  P  :  divided  axial  pitch  of  A. 

: :  Ip  :  divided  axial  pitch  of  a. 
: :  I N  :  divided  normal  pitch  of  both  screws. 

Tbe  figure  may  be  regarded  as  part  of  the  development  of  both 
screws  upon  the  common  tangent  plane  of  their  pitch-cylinders. 
(See  Article  63,  page  40.  As  to  Racks,  see  Addendum,  page  289.) 

The  abeolute  lengths  of  the  circular  pitches  are  found  by  dividing 
tbe  pitch-circles  into  suitable  numbers  of  equal  parts,  precisely  as  in 
the  case  of  spur-wheels  (see  Articles  112  to  121,  pages  103  to  114); 
and  from  them,  by  the  aid  of  the  proportions  given  by  5g.  110,  the 
absolute  lengths  of  the  divided  axial  pitches  and  of  the  divided 
normal  pitch  are  easily  found.  For  the  total  axial  pitch  of 
either  screw,  multiply  the  divided  axial  pitch  by  the  number  of 
threads. 

III.  To  find  the  rculii  of  curvature  of  the  normal  screw-lines.  The 
normal  helix,  or  normal  screw-line  (see  Article  65,  page  41),  of  each 
of  the  two  screws  touches  I  N  at  the  pitch-point  I ;  and  the  plane 
of  connection  of  which  I  N  is  the  trace  is  the  common  osculating 
plane  of  the  two  normal  screw-lines  at  I.  Their  radii  of  curvature 
at  that  point  both  coincide  with  tbe  common  perpendicular  of  the 
axesw  The  rule  for  finding  such  i*adii  (Articles  64  and  65,  page  41), 
^hen  applied  to  this  case,  takes  the  following  form : — On  I  C  lay 
off  I  B  to  represent  the  radius  of  the  pitch-cylinder  A ;  then  per- 
pendicnlar  to  I  C  draw  B  D  parallel  to  I  A,  cutting  IN  in  D; 
then  perpendicular  to  I  N  draw  D  K,  cutting  I  G  in  K;  I  R  will 
be  the  radius  of  curvature  of  the  normal  helix  of  the  screw  A. 
A  similar  constructiou,  substituting  small  for  capital  letters,  serves 
to  find  Ir,  the  radius  of  curvatui*e  of  the  normal  helix  of  the 
«crewci. 

I^.  Ill  represents  two  projections  of  the  pitch-cylinders  of  a 
pair  of  screws  designed  by  the  rules  which  have  just  been  given, 
and  shows  also  the  helical  lines  in  which  the  fronts  of  the  threads 
cut  those  pitch-cylinders.  The  upper  part  of  the  figure  is  a  pro- 
jfiction  on  the  plane  of  action,  whose  trace,  in  fig.  110,  is  IN. 
A'  a'  is  the  common  per|)endicnlar  of  the  two  axes,  and  I  the 

It 
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piteb^Mxint;  K'K'  is  the  trace  of  the  common  tangent  plane  of  the  two 
pildi-qrlindeiB;  and  the  anow  shows  the  direction  <^  the  common 

component  of  their 
sniface  velocities 
at  the  point  T.  B 
and  r  are  the  centres 
of  cnrvatnre  of  the 
two  normal  screw- 
lines  at  the  point 
T;  and  SS  and  8  9, 
described  about  R 
and  r  respectively^ 
are  their  two  oscu- 
lating circles^  whose 
ladii,  r  R  and  V  r, 
are  found  bv  Rule 

nL 

The  lower  part 
of  the  figure  is  a 
projection  on  the 
^21^' common  tangent 
plane  of  the  pitch- 
cjlindera  A  A  and 
•  •  are  the  pro- 
jections of  their  two 
axes;  T  I  T  is  the 
line  of  contact; 
N  I  N  is  the  trace 
of  the  plane  <^ 
action;  and  the 
arrow  marks  the 
direction  of  the 
oommon  component 
cf  the  surface 
Telocilies  at  the 
]Htch-point  L 

In  the  particular 
exam|^  repre- 
sented by  figs.  109, 
110,  and  111,  the 
following  are  the 
principal  data  and 
proportions:— 


Velocity-ratio  j  =  20; 
Komher  of  threads  of  A,  40;  of  o^  2; 
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Batios  of  radii  and  line  of  centres, 

B  +  6  :  B  :  6 
:  :     11     :10    :1 

Both  screws  right-handed. 

155.  Ftgara  miThremSm  ftaad  br  Hcaas  •f  Ifmnml  gcrcw^l«i«— ■  ■■ 

By  the  following  process  threads  may  be  designed  for  any  gearing 
screw,  so  that  they  shall  gear  correctly  with  threads  designed  on 
the  same  principle  for  any  other  screw  of  the  same  normal  pitch. 

Let  the  screw  to  be  provided  with  threads  be,  for  example,  the 
screw  A  of  fig.  111.  Di'aw,  by  Rule  IIL  of  Article  154,  page  161, 
the  osculating  circle,  S  T  S,  of  its  normal  screw-liue.  Lay  off  the 
normal  pitch  upon  that  osculating  circle,  and  design  the  figure  of  a 
tooth  and  two  half-spaces  of  that  pitch,  with  the  proper  addendum 
and  depth,  as  if  the  osculating  circle  were  the  pitch-circle  of  a  spur- 
wheel  ;  the  figure  so  drawn  will  be  the  nomKU  section  of  a  thi^ad, 
being  the  trace  of  the  thread  upon  a  surface  which  cuts  it  at  right 
angles;  and  by  the  help  of  that  section  the  threads  may  be  made 
of  the  correct  figure. 

The  normal  sections  of  the  acting  surfaces  of  a  thread  may  be 
either  involutes  of  circles  (Articles  131,  133,  pages  120  to  128),  or 
epicycloids  (Articles  136  to  140,  pages  130  to  137).  All  screws 
with  involute  threads  of  the  same  divided  normal  pitch  gear  correctly 
together,  and  may  be  said  to  belong  to  one  set;  and  they  have  the 
same  property  with  involute  toothed  wheels,  of  admitting  of  some 
alteration  of  the  distance  between  the  axes.  All  screws  of  the 
same  divided  normal  pitch  having  epicycloidal  teeth  described  by 
the  same  rolling  circle  gear  correctly  together,  and  may  be  said  to 
belong  to  one  seL 

This  method  of  designing  the  threads  of  gearing  screws  is  believed 
to  be  now  published  for  the  first  time. 

156.  FigBf  •r  Threads  dMlffaedl  •■  ■  Pbui«  IfMraial  ••  •■«  Azls» 

— In  many  cases  which  occur  in  practice  the  axes  of  the  two 
screws  are  perpendicular  to  each  other ;  so  that,  in  fig.  110,  page  1 60, 
A I  P  and  alp  are  at  right  angles,  I  C  coincides  with  I/>,  and 
I  e  coincides  with  I  P;  and  therefore  the  divided  axial  pitch  of 
either  screw  is  eqttal  to  the  circular  pitch  of  the  other.  In  such  cases, 
and  especially  where  the  diameters  of  the  pitch-cylinders  are  very 
unequal,  so  that  the  larger  screw  is  called  a  ux^rm-wheel,  and  the 
BinaUer  an  endless  screw,  it  is  often  convenient  to  design  the  traces 
of  the  threads  on  a  plane  normal  to  the  axis  of  the  worm-wheel, 
and  traversing  the  axis  of  the  endless  screw;  and  then  it  is  evident 
(as  Mr. Willis  appears  to  have  been  the  first  to  show)  that  if  the 
traces  of  the  thi^ads  of  the  worm-wheel  be  made  like  those  of  a 
spnr-wheel  of  the  same  radius  and  pitchy  and  those  of  the  threads 
of  the  screw  like  the  traces  of  the  teeth  of  a  rack  suited  to  gear 
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with  that  spur-irhecl,  the  wona-vheeland  screw  will  gear  oorrecU/ 
together. 

Fig.  112  represents  a  worm-wheel  and  endless  screw. 

The  lower  part  of  the  figure  is  a  diagram  drawn  on  the  common 
tangent  plane  of  the  pitch-cylinders.     I  is  the  pitch-|>oint;  I  0  is 


r>c.  I  li- 
the divided  axial  tntch  of  the  endless  screw,  being  also  the  develop- 
ment of  the  circular  pitch  of  the  worm-wheel;  Ic  is  the  divided 
axial  pitch  <tt  the  worm-wheel,  being  also  the  development  of  the 
circular  pitch  of  the  endless  screw-  I  N,  perpendicular  to  C  e,  is 
the  development  of  the  divided  normal  pitch  of  boUi  screws ;  and 
C  c  is  the  extent  of  transverse  sliding  which  takee  place  while  au 
arc  equal  to  the  pitoh  passes  the  pitch-point 
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In  the  leftr-hand  division  of  the  upper  part  of  the  figure 
the  plane  of  projection  is  normal  to  the  axis,  A',  of  the  worm* 
wheel,  and  traverses  the  axis,  a'  a',  of  the  endless  screw.  The 
circle  B  B  is  the  trace  of  the  pitch-cylinder  of  the  wheel;  the 
straight  line  b  b  ia  the  trace  of  the  npper  side  of  the  pitch- 
cylinder  of  the  screw;  and  those  traces  touch  each  other  in  the 
pitch*point  1\  The  threads  of  the  wheel,  and  those  at  the  npper 
side  of  the  screw,  are  shown  in  section ;  the  traces  of  the  threads  of 
the  wheel  are  like  those  of  the  teeth  of  a  spur-wheel  having  the  same 
circular  pitch,  and  B  B  for  a  pitch-circle;  the  traces  of  the  threads 
of  the  screw  are  like  those  of  the  teeth  of  a  rack  suited  to  gear  with 
that  spur-wheel,  and  having  b  b  for  its  pitch-line.  The  addendum- 
circle,  £  £,  of  the  worm-wheel,  and  the  addendum-line,  e  a,  of  the 
endless  screw,  are  drawn  as  for  a  spur-wheel  and  rack.  The  lower 
parts  of  the  threads  of  the  endless  screw  are  shown  in  projection. 
In  the  example  given,  both  wheel  and  screw  have  right-handed 
threads;  the  number  of  threads  of  the  screw  is  two;  of  the  wheel, 
40 ;  and  the  screw  is  represented  as  driving  the  wheel  The  right^ 
hand  division  of  the  upper  part  of  the  figure  shows  the  wheel  in 
section  and  the  screw  in  projection;  and  the  plane  of  projection 
traverses  the  axis.  A*,  of  the  wheel,  and  is  normal  to  the  axis,  a*,  of 
the  screw;  I"  is  the  pitch-point. 

The  traces  of  the  threads  of  the  wheel  in  the  leftrhand  division 
of  the  upper  part  of  the  figure  are  involutes  of  a  circle,  and  those 
of  the  threads  of  the  screw  are  straight  lines.  That  shape,  as  in 
the  case  of  spur-wheels,  enables  the  distance  between  the  axes  to 
be  varied  to  a  certain  extent  without  affecting  the  accuracy  of  the 
action.  But  any  shapes  suited  for  the  teeth  of  wheels  and  racks 
may  be  employed 

If  a  set  of  worm-wheels  be  made  of  the  same  circular  pitch  and 
obliquity  of  thread,  and  having  the  traces  of  the  threads  all 
involutes  or  all  epicycloids,  traced  by  the  same  rolling  circle;  and 
if  a  set  of  endless  screws  be  made,  all  of  the  same  divided  axial 
pitch,  equal  to  the  circular  pitch  of  the  wheels,  and  of  an  obliquity 
of  thread  equal  to  the  complement  of  the  obliquity  of  the  threads 
of  the  wheels,  and  having  the  traces  of  the  teeth,  as  the  case  may 
be,  all  straight  lines  of  the  proper  obliquity,  or  all  epicycloids  traced 
by  the  same  rolling  circle  that  is  used  to  trace  the  threads  of  the 
wheels,  then  any  one  of  the  wheels  will  gear  correctly  with  any 
one  of  the  screwa 

157.  €l«ae-Fiiilac  Taageat  Screw*.— In  many  cases  the  object  of 
screw-gearing  is  not  the  economical  transmission  of  motive  power, 
bnt  the  production  of  small  angular  motions  with  great  accuracy : 
as,  for  example,  when  the  principal  wheel  of  a  dividing  engine,  or 
tlutt  of  a  machine  for  pitching  and  cutting  the  teeth  of  wheels,  or 
the  wheel  or  sector  which  adjusts  the  direction  of  stroke  of  a 
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eatting  tool  in  a  shaping  machine,  is  driven  by  a  ''tangent-acrew" 
ntoated  reUtiTelj  to  the  wheel  in  the  manner  alreadj  shown  in 
fig.  112.  In  such  cases  the  screw  has  not  onlj  to  move  the  wheel 
into  an  J  required  position,  but  to  hold  it  there;  and  therefore  it  is 
essential  that  there  should  be  no  back-lash.  In  order  to  ensure 
this,  together  with  the  requisite  precision  of  action,  an  exact  copy 
of  the  tangent- screw  is  made  of  steel,  the  edges  of  its  thread  are 
notched,  and  it  is  hardened,  so  that  it  becomes  a  cutting  tool :  it 
is  then  mounted  in  a  suitable  frame,  so  as  to  gear  with  the  roughly 
formed  teeth  or  threads  of  the  wheel,  and  turned  so  as  to  drive  them ; 
in  the  course  of  which  operation  it  cuts  them  to  the  proper  figure. 
The  axis  of  the  cutting  screw  is  placed  at  first  at  a  distance  from 
the  axis  of  the  wheel  somewhat  greater  than  the  intended  per- 
manent distance;  and  after  each  complete  revolution  of  the  wheel 
the  axes  are  brought  a  little  nearer  together,  until  the  permanent 
distance  is  attaint;  and  by  turning  the  screw  in  this  last  position 
the  shaping  of  the  teeth  or  wheel-threads  is  finished.  From  the 
property  of  threads  with  traces  similar  to  those  of  involute  teeth, 
which  has  already  been  mentioned  in  Article  156,  page  165,  it  is 
evident  that  this  class  of  figures  is  peculiarly  well  suited  to  cases 
in  which  the  taugent-screw  is  made  to  cut  the  wheel,  because  of 
the  gradual  diminution  of  the  distance  between  the  axes  which 
takes  place  during  the  process  of  cutting. 

158.  OMkaai'b  CMipUns.— A  coupling  ia  a  mode  of  connecting  a 
pair  of  shafts  so  that  they  shall  rotate  in  the  same  direction,  with 
the  same  mean  angular  velocity.  If  the  axes  of  the  shafts  are  in 
the  same  straight  line,  the  coupling  consists  in  so  connecting  their 
contignons  ends  that  they  shall  rotate  as  one  piece;  but  if  the 

axes  are  not  in  the  same  stnught  line, 
combinations  of  mechanism  are  re- 
quired. Various  sorts  of  couplings  will 
be  described  and  compared  together  in 
a  later  division  of  this  treatise.  The 
present  Article  relates  to  a  coupling  for 
parallel  shafts,  invented  by  Oldham, 
which  acts  by  diding  contact  It  is 
represented  in  fig.  113.  Cj,  0,  are  the 
axes  of  the  two  parallel  shafts;  D|,  D^ 
two  discs  facing  each  other,  fixed  on 
Fig.  118.  the  ends  of  the  two  shafts  respectively ; 

E.  £.,  a  bar  sliding  in  a  diametral 
groove  in  the  &ce  of  D^;  £,  iL  a  bar  sliding  in  a  diametral 
groove  in  the  face  of  D, :  those  bars  are  fixed  together  at  A,  at 
right  angles  to  each  other,  so  as  to  form  a  rigid  cross.  The  angular 
velocities  of  the  two  discs  and  of  the  cross  are  all  equal  at  every 
instant;  the  middle  point  of  the  cros^  at  A,  revolves  in  the  dotted 
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circle  described  npon  tiie  line  of  centres,  C^  C^  as  a  diameter^  twice 
for  each  turn  of  the  discs  and  cross;  the  instantaneous  axis  of 
rotation  of  the  cross  at  any  inBt4int  is  at  I,  the  point  in  the  circle 
C^  C3  diametricallj  opposite  to  A ;  and  each  arm  of  the  cross  slides 
in  its  groove  through  a  distance  equal  to  twice  the  line  of  centres 
during  each  half  revolution,  or  twice  the  line  of  centres  and  back 
again — ^that  is,  four  times  the  line  of  centres — during  each  revolution. 

Oldham's  coupling  belongs  to  Mr.  Willis's  Class  A.  The  cross 
may  be  strengthen^  bj  making  its  two  bars  take  the  form  of 
projecting  diametral  ridges  on  opposite  sides  of  a  third  circular 
disc  Or  the  cross  may  consist  of  two  grooves  in  the  opposite  sides 
of  such  a  disc,  and  instead  of  grooved  discs,  the  two  shafts  may 
cany  cross  bars  fitting  the  grooves  of  the  crosa 

159.  Pte  aad  SmOakt  Stok — The  communication  of  a  uniform 
▼elocity-ratio  by  the  sliding  contact  of  a  round  pin  with  the  sides 
of  a  slot  or  groove  has  alr^y  been  described  in  Article  141,  page 
1 37.  A  velocity-ratio  varying  in  any  manner  may  be  com municated 
by  making  the  slot  of  a  suitable  figure,  the  principle  of  the  com- 
bination  being,  that  the  line  of  connection  is  a  normal  to  the  centre 
line  of  the  slot,  traversing  the  centre  line  of  the  pin.  The  present 
Article  relates  to  cases  in  which  the  slot  is  straight  and  the 
velocity-ratio  variable.  Three  such  cases  are  illustrated  by  figs. 
114,  115,  and  116,  further  on.  Fig.  114  represents  a  coupling^ 
belonging  to  Mr.  Willis's  Class  B,  where  two  shafts  turn  about 
the  parallel  axes  A  and  B  with  equal  mean  angular  velocities, 
though  the  angular  velocity-ratio  at  each  instant  is  variable.  Fig. 
115  shows  a  crank  turning  continuously  about  the  axis  A,  and 
carrying  a  pin,  C,  which,  by  means  of  the  slot  F  G,  drives  a  lever 
which  rocks  or  oscillates  about  the  axis  B.  Fig.  116  shows  a 
crank  turning  continuously  about  the  axis  A,  and  carrying  a  pin, 
C,  which,  by  means  of  the  slot  F  G  in  the  cross-head  of  the  rod  B, 
gives  a  reciprocating  sliding  motion  to  that  rod.  The  last  two 
combinations  belong  to  Mr.  Willis's  Class  C. 

In  practice,  for  the  purpose  of  diminishing  friction  and  pre- 
venting back-lash,  it  is  usual  to  make  the  pin  turn  in  a  bush  which 
slides  in  the  slot;  but  that  bush  is  not  shown  in  the  figurea 

The  following  are  the  principles  of  the  action  of  those  three 
combinations  :— 

L  Coupling  (fig.  114). — In  order  that  the  directional  relation  of 
the  rotations  may  be  constant,  the  crank-^nrm,  A  C,  must  be  greater 
than  the  line  of  centres,  A  B. 

With  a  given  crank-arm,  A  C,  to  find  ^  pontion  of  the  axis  B 
ffUie  dot-lever,  so  that  the  crank  and  slot-lever  shall  alternately 
overtake  and  fall  behind  each  other  by  a  given  angle : — With  the 
radius  A  C  describe  the  circle  DOE,  and  draw  the  diameter 
D  A  £y  with  which  the  line  of  centres  is  to  coincide.     Lay  off 
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EAH  =  EAA  =  the  oomplement  of  the  given  angle^  and  draw 
H  B  A  perpendicular  to  D  A  K  B  will  be  the  trace  of  the  re- 
quired axis. 

At  the  instant  when  the  centre  of  the  pin  is  at  H  or  A,  the 

angalar  velocities  are  equal; 
and  A  H  B  =  A  A  B  is  the 
given  angle  beforementioned. 

With  a  given  position,  C,  of 
the  centre  of  the  pin,  to  find 
\  the  angular  vdoeUy  -  ratio : — 
From  C,  perpendicular  to  the 
centre  line,  B  C,  of  the  slot, 
draw  the  line  of  connection, 
G  I,  cutting  the  line  of  centres 
in  I;  then 

Angular  velocity  of  B  _  A  I^ 

Angular  velocity  of  A  ~  B  1' 

or  otherwise :  draw  A  P  par- 
allel to  B  0  and  perpendicular 
to  C  I;  then 

Angular  velocity  of  B      A  P 

Angular  velocity  of  A      B  CT 

The  <  \^j^       \  values  of  this  ratio  occur  when  the  pin  is  at 
1  1)  i  i^spectively;  and  they  are  as  follows: — 

Greatest^ 


Fig.  114. 


BE"AC-AB' 


Leasts 


AD 


AG 


BD      AC  +  AB 
The  travd  or  length  ofdiding  qf  the  pin  in  the  dot  is 

FO  =  BF-BO  =  BD-BE; 

and  this  takes  place  twice  in  each  revolution. 

II.  Crank  and  SlcUed  Lever  (fig.  1 15). — As  the  crank-arm,  A  G, 
in  fig.  115,  is  shorter  than  the  line  of  centres,  A  B,  the  slotted 
lever,  B  O  F,  has  a  reciprocating  or  rocking  motion. 

With  a  given  line  of  centres,  A  B,  and  a  given  gemi-amplilude 
or  angular  half-stroke  of  the  rocking  motion  of  the  lever,  A  B  K 
=  A  B  A;,  to  find  the  length  of  crank-arm: — From  A  let  fall  A  K 
perpendicular  to  B  K,  or  A  A;  perpendicular  toBiE;;  AK=Ai& 
will  be  the  reauired  crank-arm. 

K  and  k  will  be  the  two  dead  points;  that  is  to  say,  the  positions 
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of  the  centre  of  the  pin  at  the  two  instants  when  the  lever  has  no 
velocity,  having  just  ceased  to  move  in  one  direction,  and  being 
just  about  to  begin  to  move   in   the 
opposite  direction. 

To  find  the  angular  vdodty-ratio  at 
the  instant  when  the  centre  of  the  pin  is 
in  a  given  position,  C : — Draw  the  corre* 
spending  position,  B  C  F,  of  the  centre 
line  of  the  slot,  and  perpendicular  to  it 
draw  C  I,  cutting  the  line  of  centres  in 
I;  then 

Angular  velocity  of  lever        A  I 
Angular  velocity  of  crank  ~  B  I* 

To  find  the  travel  of  the  pin  in  the 
slot,layoffBO  =  BB,andBF  =BD;  fc/,, 
G  and  F  will  be  the  two  ends  of  the 
travel  of  the  centre  of  the  pin;  and 
FG  =  DE  =  2ACwillbethe  length 
of  travel. 

III.  Crank  and  Slot-headed  Sliding 
Rod  (fig.  116). — The  crank-arm,  A  C,  in 
this  case  is  to  be  made  equal  to  one-half 
of  the  intended  Ujigik  of  stroke  of  the 
sliding  rod,  R  Draw  the  circle  described  by  C,  the  centre  of  the 
pin,  and  let  A;  A  K  be  the  diameter  of  that  circle  which  is  parallel 
to  the  direction  of  motion  of 
the  rod;  then  K  and  k  will 
be  the  dead  points,  or  |»osi« 
tions  of  the  centre  of  the  pin 
at  the  two  instants  when  the 

rod  has  no  velocity.     To  find    3 

the  vdodty-ratio  of  the  rod   

and  crank-pin  when  the 
centre  of  the  crank-pin  is  in 
a  given  position,  C :  perpen- 
dicular to  the  direction  of 
motion  of  the  rod  draw  the 
diameter  DAE;  this  line 

will  correspond  to  the  line  of  centres  in  the  preceding  problems; 
then  through  0,  and  perpendicular  to  the  centre-line,  F  G,  of  the 
slot,  draw  the  line  of  connection,  C  I,  cutting  DAE  in  I;  the 
following  will  be  the  required  velocity-ratio : — 


Fig.  115. 


Velocity  of  rod,  B 


A  I 


Velocity  ot  centre  of  pin,  0       A  0" 
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The  exientoJtravdo/thepininikedoiiBF  a  ^DE^  2  Aa 

160.  rwnmm  aad  wipcn  te  ««■«■!.  Cam»  and  uripen  are  thoao 
primary  pieoeSy  with  curved  acting  aarfJMses,  which  work  in  aliding 
contact  without  being  related  to  imaginary  pitch-anrfaoes,  as  the 
teeth  of  wheels  and  threads  of  screws  ara  The  distinction  between 
a  cam  and  a  wiper  is,  that  a  cam  in  most  cases  is  continnons  in  its 
action,  and  a  wiper  is  always  intermittent;  but  a  wiper  is  some- 
times called  a  cam  notwithsUmding.  A  cam  is  often  like  a  non- 
circular  sector  or  wheel  in  appearance;  a  wiper  is  often  like  a 
solitary  tooth.    (As  to  "rolling  camSy"  see  Article  110,  page  99.) 

The  solutions  of  all  problems  respecting  the  velocity-ratio  and 
directional  relation  in  the  action  of  tams  and  wipers  are  obtained 
by  properly  applying  the  general  principle  of  Artide  122,  page  114. 

In  most  cases  which  occur  in  practice,  the  condition  to  be 
fulfilled  in  designing  a  cam  or  a  wiper  does  not  directly  involve  the 
velocity-ratio,  but  assigns  a  certain  series  of  definite  poaituma 
which  the  follower  is  to  assume  when  the  driver  is  in  a  correspond- 
ing series  of  definite  positiomL  Examples  of  such  problems  will 
be  given  in  the  following  ArticlesL 

161.  Cum  with  ewmv  aad  Piik— Throughout  the  present  Artide 
it  will  be  supposed  that  the  acting  surface  of  the  follower,  which  is 
to  be  driven  by  the  cam,  is  the  cylindrical  sur&oe  of  a  pin.  It  is 
easy  to  see  l^t  without  in  any  respect  altering  the  action,  a 
cylindrical  roller  turning  about  a  smaller  pin  may  be  substituted 
for  a  pin  in  order  to  diminish  friction.  If  the  pin  is  to  be  driven 
by  the  cam  in  one  direction  only,  being  made  to  return  at  the 
proper  time  by  the  force  of  gravity  or  by  the  elastidty  of  a  spring, 
the  cam  may  have  only  one  acting  edge;  but  if  the  pin  is  to  be 
driven  back  as  well  as  forward  by  the  cam,  the  cam  must  have  two 
acting  edges,  with  the  pin  between  them,  so  as  to  form  a  groove 
or  a  slot  of  a  uniform  width  equal  to  the  diameter  of  the  pin, 
with  deaiance  just  suffident  to  prevent  jamming  or  undue  friction. 
The  centre  of  the  pin  may  be  treated  as  practically  coindding  at 
all  times  with  the  centre-line  of  such  a  groove,  which  oentre-une 
may  be  called  the  pUch-litie  of  the  cam.  The  most  convenient  way 
to  design  a  cam  is  usually  to  draw,  in  the  first  place,  its  pitch-lin^ 
and  then  to  lay  ofiT  the  half-breadth  of  the  groove  on  both  sides  of 
the  pitch-line.  When  one  acting  edge  only  is  required,  it  is  to  be 
laid  ofiT  on  one  side  of  a  groove,  the  other  side  being  omitted. 

The  line  of  etmnection  at  any  instant  is  a  straight  line  normal  to 
the  pitch-line  at  the  centre  of  the  pin. 

The  sur&ce  in  which  the  groove  is  made  may  be  either  a  plane 
or  a  surface  of  revolution ;  a  plane  for  a  eam-pUUe  which  either 
turns  about  an  axis  normal  to  its  own  plane  or  slides  in  a  straight 
line,  and  acts  upon  a  pin  whose  centre  moves  in  a  plane  parallel  to 
that  of  the  cam-plate;  a  solid  of  revolution,  being  either  a  cylinder. 
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a  oone,  or  a  byperbolold,  for  a  cam  wbicL  turns  abont  an  axis,  and 
acts  on  a  pin  whose  centre  has  a  reciprocating  motion  in  a  straight 
Hne  coinciding  with  a  generating  line  of  the  surfiioe  of  revolution. 

The  following  example  is  a  case  of  a  rotating  plane  cam,  giving 
motion  through  a  pin  and  lever  to  a  rocking  shaft  whose  axis  is 
panJlel  to  the  axis  of  rotation  of  the  cam. 

In  fig.  1 17  the  plane  of  projection  is  that  of  the  cam-plate,  and 
18  normal  to  the  axes  of  the  cam  and  of  the  lever.  In  the  lower 
part  of  the  figure,  A!  represents  thetimce  of  the  axis  of  the  loeking 
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sbaft,  and  C  the  trace  of  the  axis  of  the  cam,  so  that  A'  O  is  the 
line  of  centresL  The  direction  of  rotation  of  the  cam  is  shown  bj  an 
arrow.  In  the  example,  the  direction  is  left-handed.  The  circular 
arc,  0  6,  described  about  A'  with  the  radius  A'  0,  is  the  path  to  be 
described  by  the  centre  of  the  pin ;  and  the  twelve  points  in  that 
arc,  marked  with  numbers  from  0  to  11,  are  twelve  positions  which 
the  centre  of  the  pin  is  to  occupy  at  the  end  of  twelve  equal  divisions 
of  a  revolution  of  the  cam.  It  is  required  to  find  the  form  of  the 
cam  which  will  produce  that  motion  in  the  pin. 

In  the  upper  part  of  the  figure,  let  C  represent  the  axis  of  the 
cam;  suppose  that  the  cam  is  fixed,  and  that  the  line  of  centres, 
C  A,  rotates  about  0,  carrying  the  axis,  A,  of  the  rocking  shaft  along 
with  it,  with  an  angular  velocity  equid  and  contrary  to  the  actual 
angular  velocity  of  the  cam.  That  supposition  will  not  alter  the 
rehitive  motions  of  the  working  pieces.  With  the  radius  0  A 
describe  a  circle  to  represent  the  supposed  path  of  A  relatively  to 
C;  divide  its  circumference  into  twelve  equal  parts,  and  to  the 
points  of  division  draw  radii,  C  A^^,  C  A|,  C  Aj,  ^,  to  represent 
twelve  successive  positions  of  the  line  of  centres  relatively  to  the 
cam,  as  supposed  to  be  fixed.  Lay  off  the  angles  C  Aq  0,  C  A.  1, 
C  A|  2,  &C.,  in  the  upper  part  of  the  figure  respectively,  equal  to 
the  angles  Q  A'  0^  C  A'  1,  CT  A'  2,  ^,  in  the  lower  part  of  the 
figure;  and  make  each  of  the  straight  lines  Aq  0,  A«  1,  Aj  2,  ^c., 
equal  to  the  lever  arm  A'  0.  The  points  thus  found,  0,  1,  2,  &a, 
will  be  points  in  the  pitoh-line  of  the  cam,  and  a  curve  drawn 
through  them  will  be  the  i^equired  pitoh-line. 

About  each  of  the  points  0,  1,  2,  ^,  draw  a  drole  of  a  radius 
equal  to  that  of  the  pin :  a  pair  of  curves  touching  those  circles 
so  as  to  be  parallel  to  the  pitch-line  will  mark  the  two  sides  of  the 
groove,  without  allowance  for  clearance.  Clearance  may  be  pro- 
vided either  by  slightly  diminishing  the  diameter  of  the  pin  or  by 
slightly  increasing  the  width  of  the  groove.  If  the  lever  is  to  be 
raised  by  the  cam,  but  brought  down  again  by  gravity,  the  outer  side 
of  the  groove  may  be  omitted,  and  the  cam  will  become  a  disc  bounded 
by  the  innermost  of  the  three  parallel  curves  shown  in  the  figure. 

The  number  of  parts  into  which  the  revolution  of  the  cam  is 
divided  may  be  made  more  or  less  numerous  according  to  the 
d^ree  of  precision  required. 

It  is  easy  to  see  how  a  similar  method  may  be  applied  to  the 
designing  of  a  cam-disc  which  shall  produce  a  given  motion  in  a 
follower  whose  acting  surface  is  of  any  given  form.  A  figure  is  to 
be  constructed  like  the  upper  part  of  fig.  117,  on  the  supposition 
that  the  cam  is  fixed,  and  that  the  frame  of  the  machine  rotates 
about  the  axis  of  the  cam  with  an  angular  velocity  equal  and 
contrary  to  the  actual  angular  velocity  of  the  cam.  Then,  just  as 
the  pin  in  the  upper  ^lart  of  fig.  1 17  is  drawn  in  its  several  positions. 
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Of  1,  2,  ACf  the  trace  of  the  acting  Burfaoe  of  the  follower  is  to  be 
drawn  in  its  several  successive  positions;  and  a  line  touching  that 
trace  in  all  its  positions  will  be  the  trace  of  the  required  cam-disa 

The  dead  potnU  of  a  cam  are  the  points  in  its  pitch-line  which 
are  at  the  greatest  and  least  distances  from  its  axis.  In  the 
example  shown  in  fig.  117  the  dead  points  are  0  and  6.  When 
the  centre  of  the  pin  is  at  those  points  it  has  no  velocity.  Any 
part  of  the  pitch-line  which  is  an  arc  of  a  circle  about  0 
corresponds  to  a  pauae  in  the  motion  of  the  pin. 

162.  Drnwiag  m  Cmm  hj  circaiar  Arcs.— In  many  cases  in  which 
cams  have  to  be  designed,  the  dead  points  alone  are  given  by  thecondi^ 
tions  of  the  problem,  leaving  the  parts  of  the  pitch-line  between  those 
points  to  be  drawn  according  toconvenienoe.  for  example^  in  fig.  1 18» 
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0  is  the  axis  of  the  cam,  and  A  and  B  are  dead  points;  so  that 
G  B  and  C  A  are  respectivelj  the  least  and  greatest  radii  drawn 
from  the  axis  to  the  pitch-line;  and  the  pitch-line  at  A  and  B 
18  normal  to  those  radii  respectively.  The  intermediate  arcs  of 
the  }»tch-line  are  to  he  drawn  of  any  convenient  form,  so  as  to 
traverse  A  and  B,  and  he  normal  to  C  A  and  C  B 

The  easiest  way  to  draw  such  carves  is  hy  means  of  arcs  of 
circles. 

The  simplest  case  is  when  C  A  and  C  B  are  parts  of  one  strsigfat 
Una  The  required  pitch-line  is  then  an  eceeniric  dreUf  described 
npon  the  straight  line  A  0  B  as  a  diameter. 

When  0  A  and  C  B,  as  in  the  figure,  are  not  parts  of  one 
fltnight  line,  the  following  method  may  be  used,  being  an  extension 
of  Rule  lY.  of  Article  79,  page  61,  and  having  the  effect  of  giving 
a  pitch-line  made  up  of  four  circular  arcs,  whose  radii  deviate  less 
from  equality  than  those  of  any  other  combination  of  four  circular 
arcs  which  would  answer  the  same  purpose. 

From  A  and  B,  perpendicular  to  A  C  and  B  C  respectively, 
draw  A  D  and  B  D,  cutting  each  other  in  D.  These  will  be 
tangents  to  the  required  pitch-line.  Join  CD;  bisect  it  in  £;  and 
about  E,  with  the  radius  £  C  =  E  D,  describe  a  circle  which  will 
traverse  the  four  points  A,  0,  B^  D.  Bisect  the  arc  A  0  B  in  G. 
About  G,  with  the  radius  G  A  =  G  B,  describe  a  circle;  and  draw 
the  straight  line  D  H  G  I,  cutting  that  circle  in  H  and  I.  Through 
the  points  H  and  I,  and  parallel  to  D  0,  draw  the  straight  lines 
H  Q  and  I  P,  cutting  the  dicle  A  I  B  H  in  P  and  Q  (the  ends 
of  one  diameter),  and  cutting  also  the  straight  line  0  B  in  M  and 
L,  and  the  straight  line  A  C  produced  in  N  and  K.  Then  draw 
four  circular  arcs,  as  follows : — 

The  arc  A  P,  described  ^bout  the  point  K, 

n       Q  A,  „  „  Ji ; 

and  those  arcs  will  make  up  a  pitch-line  having  C  B  and  C  A  for 
its  greatest  and  least  distances  from  the  axis  C,  as  required;  and 
also  having  its  radii  of  curvature  less  unequal  than  is  possible  with 
any  other  combination  of  four  circular  arcs,  and  no  more,  fulfilling 
the  required  conditions. 

When  a  cam  is  to  have  more  than  two  4cad  points,  each  pair  of 
adjacent  dead  points  are  to  be  connected  with  each  other  by  means 
of  two  circular  arcs,  drawn  according  to  Bule  lY.  of  Article  79, 
pages  61  and  62,  fig.  4& 

163.  nrayc«ilc4  Cshm}  Splml  a^  CmmUU  CtaM.— When  the 
complete  series  of  movements  of  a  piece  that  is  to  be  driven  by  a 
^^m  extends  over  more  than  one  revolution  of  the  cam,  there  are 
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cases  in  whicli  the  required  result  may  he  effecsted  hy  means  of  a 
groove  in  a  cam*plate  having  a  pitch-line  of  more  than  one  coil ; 
but  difficulties  in  working  may  arise  from  the  fact  that  the  coils  of 
the  groove  must  intersect  each  other.     There  are  other  cases  in 
which  the  motion  required  in  the  follower  is  Qf  a  kind  that  may 
be  produced  by  means  of  a  spiral  cam^ 
such  as  that  shown  in  fig.  119.    The 
upper  part  of  the  figure  is  a  projection 
on  a  plane  normal  to  the  axis;  the 
lower  part^  a  projection  on  a  plane 
parallel  to  the  axis.      A   A'    is  the 
spiral  cam;  B,  a  screw  of  an  axial 
pitch  exactly  equal  to  the  axial  pitch 
of  the  cam.     This  screw,  resting  in  a  n 
fixed  nnty  forms  one  of  the  bearings  : 
of    the    cam-shaft,    and    causes    the  | 
shaft  and    cam    together  to  advance  j 
along    the    axis    at    each    revolution : 
through  a  distance  equal  to  the  pitch, ! 
thus    bringing    a    new    coil    of   the' 
cam  into  action.     The  cam,  A,  may 
also  be  made  with  a  continuous  con- 
oidal  smilice,  of  which  different  parts 
are  brought  into  action  at  each  revolu- 
tion by  the  advance  caused    by  the 
screw  R     It  is  evident  that  in  spiral 
and  conoidal  cams  the  extent  of  the 
motion  is  limited. 

164.  WIpcn  Slid  Pallcu  —  Saoipe- 
MiiMiB  Tn  fig.  120  a  shaft  rotating 
aboat  the  axis  A  is  provided  with  one 
or  more  solitary  teeth  called  wipers^ 
sach  as  R  The  action  of  the  wipers  upon  the  projecting  parts  of 
the  piece  that  they  drive  (which,  for  the  sake  of  a  general  term^ 
may  be  called  paUels)  may  be  either  irUermiUmt  or  reciprocoHng. 

I.  As  an  example  of  irUermitient  action,  one  of  the  wipers  repre- 
sented in  fig.  120,  in  moving  from  the  position  H  to  the  position 
£y  is  supposed  to  have  driven  before  it  a  pallet  from  the  position 
G  to  the  position  F.  The  pallet  projects  from  a  vertical  sliding 
bar,  or  stamper^  C. 

B  B  is  the  addendum-circle  of  the  wipers,  and  D  D  the  addendum- 
line  of  the  pallets.  Those  lines  cut  each  other  at  the  poini  qf 
egcapSf  E;  and  just  at  that  point  the  pallet  escopet  from  the  wiper, 
and  the  stamper,  with  its  pallet^  fidls  back  to  its  original  positioDy 
and  is  ready  to  be  lifted  again  by  the  next  wiper. 

The  stamper  and  pallet  referred  to  in  this  case  are  riiaded. 


Fig.  119. 
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II.  As  an  example  of  rtdproeating  ac^oo,  the  sliding  bar,  0,  of 
th«  pracediag  example  is  supposed  to  have  attached  to  it  a  tame. 


e  e  e,  at  the  oppaiito  side  of  which  is  another  pallet,  g;  and  this 
pallet  is  so  placed  that  immediately  after  the  escape  of  the  former 
p«llet,  F,  (iom  the  wiper  at  £,  another  wiper  at  h  b^ins  to  act 
upon  the  F*Uei  j(>  ■nd  ao  to  produce  the  n(um  ttrolM  of  the  frame, 
C  c  c  ft  The  point,  t,  whive  the  addendom-liae,  d  d,  of  the  pallet 
g  cuta  tlie  addendum-drde,  B  B,  of  the  wipets,  is  the  potnt  of 
atoofM  of  the  second  pallet  (whose  poeitioa  at  the  instant  of  escape 
is  markedy);  and  immecUately  afterwards  a  third  wiper,  arriving 
at  the  position  H,  b^;ins  to  produce  a  new  forward  stroke. 

The  MH^  ^itntt  is  represented  in  the  figure  by  F  O  =/g. 
It  is  evident  that  the  number  of  wiiien  must  be  odd. 


ESCAPEMENTS. 


177 


This  is  the  combination  already  referred  to  in  Article  142,  page 
141.  It  belongs  to  a  class  of  contrivances  called  escapements, 
because  of  the  escape  of  the  follower  from  the  action  of  the  driver 
at  certain  instants.  There  are  many  escapements  which  do  not 
belong  to  the  subject  of  pure  mechanism ;  and  amongst  these  are 
found  most  of  the  escapements  that  are  used  in  clocks  and  watches, 
as  being  well  suited  to  the  regulation  of  those  machines ;  for  in  such 
escapements  the  driver  and  follower  are  disconnected  from  each 
other  during  the  greater  part  of  the  movement.  Only  two  more 
escapements,  therefore,  will  be  described  here. 

III.  Anchor  Recoil  EscapemenJL — ^This  escapement,  though  not 
well  suited  to  the  exact  keeping  of  time,  is  used  in  old  clockwork. 
It  is  also  used  in  vertical  roasting  jacks.  The  driver  is  a  wheel 
called  the  scape  whed^  and  the  trace  of  its  axis  is  represented  by 
the  point  A,  fig.  121.     E  I  F  is  its  pitch-circle^  cutting  the  line 
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of  centres,  A  B,  in  L  V  V  is  its  addendum-circle.  In  the  figure 
the  teeth  are  represented  as  cylindrical  pins;  in  any  case  their 
meting  surfiices  may  be  regarded  as  parts  of  cylinders,  which,  if  the 
teeth  are  sharp-pointed,  are  of  insensible  diameter*  The  arrow 
near  I  shows  the  direction  of  rotation  of  the  wheel.  The  point  B 
is  the  trace  of  the  axis  of  the  verge,  or  rocking  shaft,  to  which  a 
redprocating  movement  is  to  be  given  through  the  alternate  action 
of  the  teeth  on  the  paileis,  R  S  and  T  U,  which  are  the  acting 
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■nr&oee  of  the  cmtdk,  S  R  T  U.  At  the  initant  repi'eiettted  in 
the  figure,  the  onitch  is  at  the  middle  of  its  swing,  and  in  the  act 
of  moving  towards  the  left^  throagh  the  action  of  the  tooth  E  on 
the  pallet  B  S.  The  swing  of  the  cratch  takes  place  while  the 
wheel  moves  throagh  half  the  pitch;  at  the  end  of  which  interval 
the  tooth  £  and  pallet  B  8  eaetipe  from  each  other,  and  another 
tooth  begins  to  act  on  the  pallet  T  U,  so  as  to  make  the  cratch 
■wing  towards  the  rights  and  so  on  alternately.  The  dotted  circle 
at  F  represents  a  tooth  in  the  act  of  driving  the  pallet  T  U,  at  the 
middle  of  the  swing,  towards  the  right 

To  dmgn  the  figurtB  of  the  palieU,  a  method  is  to  be  employed 
anal(^us  to  that  described  in  Article  161,  page  179;  that  is  to  say, 
the  cratch  is  to  be  supposed  fixed,  and  the  line  of  centres,  B  A,  is 
to  be  sapposed  to  swing  to  and  fro  about  the  axis  B»  canyiog 
with  it  the  axis  A,  throagh  an  angle  equal  to  the  angle  throagh 
which  the  cratch  is  actaallj  to  swing. 

Lay  off  the  angles  A  B  0  =  ABD=:  the  iemi-amplUudef  or 
half  angle  of  swing;  and  make  BC=:BD  =  BA  Then  C  and 
D  aro  the  two  extreme  positions  of  the  axis  A  in  its  sapposed 
swinging  motion.  With  a  radius  equal  to  that  of  the  pitch-cirole, 
draw  the  arcs  M  N  about  0,  and  P  Q  about  D;  and  with  a 
radius  equal  to  that  of  the  addendum-circle,  draw  the  arcs  m  n 
about  C,  and  p  q  about  D.  Fhim  the  point  I  lay  off  upon  the 
pitch-circle  the  arcs  I  E  =  I  F  =  on  odd  number  of  tttnu  tha 
qtiorCer-piteh;  so  that  E  I  F  shall  be  an  odd  number  of  half 
pitches.  The  points  £  and  F  should  be  as  near  as  practicable  to 
the  points  where  two  straight  lines  from  B  touch  the  pitch-cirele. 
About  £  and  F  draw  circles  to  represent  the  traces  of  the  acting 
surfaces  of  the  pins  or  teeth.  Lay  off,  on  the  pitch-cirele,  the  arcs 
£  G  =5  F  K  =  the  quarter-pitch,  with  the  radius  of  the  acting 
surface  of  a  tooth  deducted :  this  deduction  is  to  ensure  that  between 
the  escape  of  a  tooth  from  one  pallet  and  the  commencement  of  the 
action  of  another  tooth  on  the  opposite  pallet  there  shall  be  an 
interval  sufficient  to  enable  the  tooth  that  has  just  escaped  to  move 
dear  of  the  pallet  which  it  has  quitted. 

About  the  centre  B,  through  the  point  G,  draw  the  circular  aro 
M  G  N,  cutting  the  are  M  N,  already  described  about  C,  in 
the  points  M  and  N.  About  the  centre  B,  through  the  point 
El,  draw  the  cireular  are  P  K  Q,  cutting  the  are  P  Q,  already 
dewsribed  about  D,  in  the  points  P  and  Q.  Through  M,  E,  and 
Q  draw  a  continuous  curve;  this  will  be  the  pitch-line  of  the 
pallet  B  8.  Through  N,  F  and  P  draw  a  continuous  curve: 
this  will  be  the  pitch-line  of  the  pallet  T  U.  Then,  parallel  to 
those  pitch*lines  respectively,  and  at  a  distance  from  them  equal 
to  the  radius  of  the  acting  surface  of  a  tooth,  draw  the  traces,  B  S 
and  T  U,  of  the  acting  sur&oes  of  the  pallets 
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The  points  of  ihe  pallets,  at  8  and  U,  are  to  be  cut  off,  so  as  not 
to  project  within  the  circles  q  p  and  it  m  respectiTe]  j.  The  tnces 
of  the  backs  of  the  pallets,  S  W  and  U  X,  are  to  be  circular  arcs 
described  about  R 

IV.  Dead-beat  EacapemenL — In  the  dead-beat  escapement  the 
crutch  swings  each  way  through  an  arc  of  indefinite  extent^  in 
addition  to  that  through  which  it  is  driven  by  the  action  of  the 
teeth  of  the  scape  wheel ;  and  the  scape  wheel  is  made  to  pause  in 
its  motion  during  each  such  additionsd  swing,  by  its  teeth  bearing 
against  parts  of  the  pallets  whose  soi'fiioes  are  cylinders  described 
about  the  axis  of  the  verge.  The  traces  of  these  may  be  called 
the  decul  arcs  of  the  pallets.  The  recoil  escapement  shown  in  fig. 
121,  may  be  converted  into  a  dead-beat  escapement,  as  follows:— 
About  B,  with  a  radius  equal  to  B  M  added  to  the  radius  of  the 
acting  surface  of  a  tooth,  draw  the  circular  arc  B  Y;  and  also 
about  B,  with  a  radius  equal  to  B  P,  deducting  the  radius  of  the 
acting  surface  of  a  tooth,  draw  the  circular  arc  T  Z :  those  two 
arcs  will  be  the  required  dead  arcs  of  the  pallets 

In  order  that  a  dead-beat  escapement  may  go  on  working,  there 
must  be  a  force,  such  as  gimvity  or  the  elasticity  of  a  spring, 
continually  tendiug  to  bring  the  crutch  to  its  middle  position,  at 
and  near  which  the  pallets  are  driven  by  the  teeth ;  hence  its 
principles  are  to  a  certain  extent  beyond  the  province  of  pure 
mechanism. 

In  the  dead-beat  escapements  of  accurate  clocks,  the  angle 
through  which  the  crutch  swings  is  veiy  small,  and  the  angle 
through  which  the  teeth  act  on  the  pallets  is  still  smaller;  so  that 
in  fig.  121  those  angles  may  be  looked  upon  as  greatly  exaggerated, 
for  the  sake  of  distinctly  showing  the  geometrical  principles  of 
the  combination. 

Sacnoir  V.  —  Connection  6y  Bands. 

165.  »Mi*i  aad  PaUcT*  €1mm4.  {A.  M,,  478.) — The  word 
hands  may  be  used  as  a  general  term  to  denote  all  kinds  of 
flexible  connecting  pieces;  and  the  word  pulleys^  when  not  other- 
wise qualified,  to  denote  all  kinds  of  rotating  pieces  which  are 
connected  with  each  other  by  means  of  bands.  Bands  may  be 
classed  in  the  following  manner ;  which  also  involves  a  classification 
of  the  pulleys  to  which  the  bands  are  suited  :^ 

I.  Edtx^  which  are  made  of  leather,  gntta  percha,  woven  fiibrics, 
&&,  ate  flat  and  thin,  and  requii'e  nearly  cylindrical  pulleys  with 
smooth  surfaces.  A  belt  tends  to  move  towards  that  part  of  a 
pulley  whose  radius  is  greatest  Pulleys  for  belts,  tlierefore,  are 
slightly  swelled  in  the  middle,  in  order  that  the  belt  may  remain 
on  the  pulley  unless  £orcibly  shifted,  and  are  in  general  without 
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ledges.  A  belt  when  in  motion  is  ahifted  off  a  pulley,  or  from  one 
pulley  on  to  another  of  equal  size  alongside  of  it,  by  pressing  against 
the  "advancing  side"  of  the  belt;  that  is,  that  part  of  the  belt 
which  is  moving  towards  the  pulley.  Amongst  belts  may  be 
classed  ^a4  ropes. 

II.  CordSf  made  of  catgut,  leather,  hempen  or  other  fibres,  or 
wire,  are  nearly  cylindrical  in  section,  and  require  either  drums 
with  ledges,  or  grooved  pulley& 

III.  Chains,  which  are  composed  of  links  or  bars  jointed  together, 
require  wheels  or  drums,  grooved,  notched,  and  toothed,  so  as  to 
fit  the  links  of  the  chaina  Chains  suited  for  this  purpose  are 
called  gearing  chains. 

Bands  for  communicating  motion  of  indefinite  extent  are  endless. 

Bands  for  communicating  reciprocating  motion  have  usually  their 
ends  made  'fast  to  the  pulleys  or  drums  which  they  connect,  and 
which,  when  the  extent  of  motion  is  less  than  a  revolution,  may  be 
sectors. 

166.  PriBdplM  •r  c««BectfMi  hj  Baadla.— The  line  of  eonnedion 
of  a  pair  of  pulleys  connected  by  means  of  a  band  is  the  central 
line  or  axis  of  that  part  of  the  band  whose  tension  transmits  the 
motion. 

The  piteh-sur/aee  of  a  pulley  over  which  a  band  passes  is  the 
surface  to  which  the  line  of  connection  is  always  a  tangent;  that  is 
to  say,  an  imaginary  surface  whose  distance  from  all  parts  of  the 
acting  surface  of  the  pulley  that  the  band  touches  is  equal  to  the 
distance  from  the  acting  surface  of  the  band  to  its  centre  line. 
The  pitch-surface  of  a  pulley  cannot  be  anywhere  concave;  for 
where  the  acting  surface  is  concave,  the  band  stretches  in  a 
straight  line  across  the  hollow,  and  the  pitch-surfiice  is  plane. 
In  ordinatT  pulleys  for  communicating  a  constant  velocity-ratio 
the  pitch-suruce  is  a  circular  cylinder;  and  its  radius  (called  the 
^edive  radius)  is  equal  to  the  real  radius  of  the  pulley  added  to 
half  the  thickness  of  the  band. 

The  pilek-line  of  a  pulley  is  the  line  on  its  pitch-surface  in  which 
the  centre-line  lies  of  that  part  of  the  band  which  touches  the 
pulley.  The  line  of  connection  is  a  tangent  to  the  pitch-line. 
When  the  line  of  connection  is  in  a  plane  perpendicular  to  the  axis 
of  the  pulley,  the  pitch-line  is  the  trace  of  the  pitch-surface  on 
that  plane:  for  example,  the  circular  section  of  a  cylindrical 
pulley.  When  the  line  of  connection  is  oblique  to  the  axis,  the 
pitch4ine  is  hdical,  or  screw-like. 

Problems  respecting  the  comparative  motion  of  pieces  connected 

by  bands  are  solved  by  applying  the  principles  of  Article  91,  page 

78,  taking  A  B  in  fig.  58  of  that  Article  to  represent  the  centre 

line  of  that  pari  of  the  band  whose  tension  transmits  the  motion, 

^d  A  A'  and  B  B*  to  represent  the  common  perpendiculars  from 
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tbat  line  to  the  axes  of  the  pulleys.  When  the  pitch-surfaces  of 
the  pulleys  are  circular  cylinders,  A  A'  and  B  B  represent  their 
effective  radii.  Rule  II.  of  Article  91  shows  how  to  find  the 
angular  velocity-ratio  of  two  pulleys  whose  proportionate  dimen- 
sions are  given.  The  following  is  the  converse  rule  for  finding  the 
proportionate  itidii  of  two  pulleys  which  are  to  transmit  a  given 
angular  velociiy-ratio.  In  tig.  58,  page  78,  draw  A  a  to  represent 
the  projection  of  the  axis  of  one  pulley  upon  a  plane  parallel  to 
that  axis  traversing  the  line  of  connection,  A  B ;  and  draw  B  6  to 
represent  a  similar  projection  of  the  axis  of  the  other  pulley.  Lay 
off  the  distances  A  a  and  B  6  to  opposite  sides  of  A  B,  to  represent 
the  intended  angular  velocities  of  the  two  pulley&  Draw  A  c  and 
B  d  perpendicular  to  A  B;  and  draw  ac  and  b  d  parallel  to  A  B, 
cutting  A  c  and  B  </  in  c  and  d  respectively.  Then  the  lengths 
A  c  and  B  d  will  represent  the  component  angular  velocities  of  the 
pulleys  about  axes  perpendicular  to  the  line  of  connection,  A  B. 
(In  most  cases  which  occur  in  practice,  both  the  axes  lie  in  planes 
perpendicular  to  the  line  of  connection;  and  then  A  a  and  B6 
coincide  with  A  e  and  B  d  respectively.) 

Draw  the  straight  line  c  d,  cutting  the  line  of  connection,  A  B,  in 
K.     Then  we  have  the  proportion 

BK:  AK 

:  :  effective  radius  of  A  :  effective  radius  of  B; 

and  if  one  of  those  radii — for  example,  that  of  A — is  given,  the 
other  is  found  as  follows : — From  A  lay  off  A  I  =  B  K  (or  other- 
wise, from  B  lay  off  B I  =  A  K).  Perpendicular  to  A  B  draw  A  A' 
and  B  "B ;  lay  off  A  A'  =  the  g^ven  radius  of  the  pulley  A,  and  draw 
the  straight  line  A' IB,  cutting  BB'  in  B';  BK  will  be  the 
required  radius  of  R 

In  the  oi-dinary  case,  in  which  both  axes  lie  in  planes  perpen- 
dicular to  the  line  of  connection,  it  is  evident  that  the  velocities  of 
a  pair  of  circular  pulleys  are  inversely/  as  their  effective  rauiiL 

It  is  to  be  borne  in  mind  that,  especially  as  regards  cases  in  which 
the  axes  do  not  both  lie  in  planes  perpendicular  to  the  line  of 
connection,  everything  stated  in  the  present  Article  is  based  on 
the  supposition  that  Ae  hand  ia  perfectly  flexible  in  all  directions. 
In  the  case  of  flat  belts  connecting  pulleys  whose  axes  are  not  both 
in  planes  perpendicular  to  the  line  of  connection,  there  arc  certain 
effects  of  the  lateral  stiffness  of  the  belt  which  will  be  considered 
farther  on. 

The  velocity  of  the  hand  is  equal  to  that  of  a  point  revolving  at 
the  end  of  the  radius  A  A',  fig.  58,  page  78,  with  the  angular 
velocity  represented  by  A  c,  and  also  to  that  of  a  point  revolving 
at  the  end  of  the  radius  B  B',  with  the  angular  velocity  represented 
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by  B  dL     When  a  band  connects  a  pulley  with  a  sliding  piece,  the 
comparative  motion  is  given  by  Rule  III.  of  Article  91,  page  79. 

Smooth  bands,  such  as  belts  and  cords,  are  not  snited  to  com- 
mnnicate  a  velocity-ratio  vnth  prwiaionj  as  teeth  are,  because  of 
their  being  free  to  slip  on  the  pulleys;  bat  the  freedom  to  slip  is 
advantageous  in  swift  and  powerful  machinery,  because  of  its 
preventing  the  shocks  which  take  place  when  mechanism  which  is 
at  rest  is  suddenly  throum  into  gear,  or  put  in  connection  with  the 
prime  mover.  A  band  at  a  certain  tension  is  not  capable  of 
exerting  more  than  a  certain  definite  force  upon  a  pulley  over 
which  it  jMisses;  and  therefore  occupies,  in  communicating  its  own 
speed  to  the  rim  of  that  pulley,  a  certain  definite  time,  depending 
on  the  masses  that  are  set  in  motion  along  with  the  pulley  and  the 
speed  to  be  impressed  upon  them ;  and  until  that  time  has  eUpsed 
the  band  has  a  slipping  motion  on  the  pulley;  thus  avoiding  shocks, 
which  consist  in  the  too  rapid  communication  of  changes  of  speed 
This  will  be  further  considered  under  the  head  of  the  Dynamics  of 
Machines. 

167.  PbIIct*  witk  B«B«i  Aagater  ▼•tocitiM^-When  a  pair  of 
pulleys  turn  about  parallel  axes  in  the  same  direction,  with  equal 
angular  velocities,  their  pitch-lines  may  be  of  any  figure  whatsoever, 
curved  or  |)olygonal,  provided  they  are  equal  and  similar,  and  not 
concav&  Each  of  the  two  straight  partH  of  the  band  is  equal  and 
parallel  to  the  line  of  centres;  and  those  parts,  if  the  pulleys  are 
circular  and  not  eccentric,  remain  at  a  constant  distance  from  the 
line  of  centres;  but  have  a  reciprocating  motion  towards  and  from 
that  line  if  the  pulleys  are  either  eccentric  or  non-circular.  A  reel 
is  virtually  a  pulley  whose  pitch-line  is  a  polygon  with  rounded 
angles;  and  such  is  also  the  case  with  the  expanding  puttey,  con- 
sisting of  four  quadrants  of  a  circle,  which  can  be  separated  to  a 
greater  or  less  distance  from  each  other  by  means  of  screws. 

168.  Baadi  aiid  PaNef*  far  m  €i«ito»t  TeUcltr- ■«•§••— In  order 

that  the  velocity-ratio  of  a  pair  of  pulleys  may  be  constanti  their 
pitch-lines  must  be  circular  (except  in  the  particular  case  specified 
in  the  preceding  Article,  when  the  figure  is  not  restricted  to  the 
circle  alone).   . 

The  band  may  be  open  or  unerateed,  as  in  fig.  133;  or  it  may  be 
crvMec/,  as  in  fig.  123.    With  an  open  band  the  directions  of  rotation 
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are  the  same;  with  a  crossed  band,  contrary.  In  each  of  these 
ligiires,  1  denotes  the  driving  pulley,  and  2  the  following  pulley; 
C,  Cj  is  the  line  of  centres,  and  T^  T^  ^^^  ^^  ^^  connection ;  and 
the  angular  velocity-ratio  is  expressed  by 

a.  _  c,  T, 

1 69.  The  liCBcik  •€  «■  BadlcM  B«adl»  such  as  those  shown  in 
figs.  122  and  123,  consists  of  two  straight  parts,  each  equal  to  the 
line  of  connection,  aud  two  circular  arcs.  When  the  band  ia 
crossed,  as  in  fig.  123,  the  circular  arcs  are  of  equal  angular  extent; 
when  the  band  is  open,  as  in  fig.  122,  the  angles  subtended  by  the 
two  arcs  make  up  one  revolution.  When  the  length  of  a  baud  ia 
to  be  meastti^  on  a  drawing,  the  circular  parts  may  be  rectified 
graphically  by  Rule  L  or  Bule  IL  of  Article  51,  page  28. 

To  find  the  length  of  an  endless  band  by  calculation,  let  the  line 

of  centres,  C^  C^  =  c,  and  the  effeeHve  radii  of  the  pulleys,  C^  Tj =rj ; 

Cj  Tj  =  r^;  r^  beins  the  greater.  Then  each  of  the  two  equal 
atiiiight  parts  of  the  band  is  evidently  of  the  length 

Tj  T,  =   Vc*  -  (^1  +  r^  for  a  crossed  band^ , 

,(1.) 


Tj  Tj  =    ^  c*  -  (rj  —  rj)*  for  an  open  band. 


1 


Let  t|  be  the  arc  to  radius  unity  of  the  greater  pulley,  and  tg  that 
of  the  less  pulley,  with  which  the  band  is  in  contact;  then  for  a 
crossed  band 


t^  =  t2  =  v-t-  2arc*sin  -* *; 


and  for  an  open  band 

tj^  s  V  -►  2  arc  •  sin  '-*-  — ^;  i,  =  «•  —  2  arc  •  sin  ^ 


r,  -  ro    .  «  .    r,  -  r^ 


(a^) 


and  the  addition  of  the  lengths  of  the  straight  and  curved  parts 
gives  the  following  total  leugth : — 
For  a  crossed  band, 


L  =  2  Ji^  -  (rj  +  r^  +  (r^  +  r^  •  (»  +  2  arc  *sin  '^^^^^\; 
and  for  an  open  band, 

L  =  2  J<^  -  (rj  -  r^  +  ••(rj  +  r^  +  2(ri  -  r^  are  ■  ion  -  t~  ». 


(3.) 


As  the  last  of  these  equations  would  be  troublesome  to  use 
in  a  practical  application  to  be  mentioned  in  Article  171,  an 
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ftpproximation  to  it,  Boffidentlf  close  for  [Hractical   purposes,  is 
obtained  bjr  considering,  that  if  Tj  —  r^  is  small  compared  with  c, 

Vc*-K-rJ*  =  e  -^-'^"^  nearly,  and  arc  ■  sin  ■  "J^  =  -'-^ 

nearly;  whence,  for  an  open  band, 

L  nearly  =  2  e  +  »  {rj  +  r  J  +  ^^!l^l^*, (3  a.) 

in  which  it  is  sufficiently  accurate  for  practical  purposes  to  make 

170.  Paitar*  wMk  Flu  Beiu.— It  hasalresdj  been  stated  in  Article 
165,  page  179,  that  a  flat  belt  tends  to  more  towards  that  part  of 
the  pulley  whose  radius  is  gr^test,  or  to  "climb,"  as  the  phrase  is; 
and  that  pulleys  for  such  belts  are  therefore  made  without  ledges, 
and  with  a  slight  swell  or  convexity  at  the  middle  of  the  rim,  ia 
order  that  the  belt  may  tend  to  remain  there.  The  swell  usually 
allowed  in  the  rims  of  pulleys  is  tme  twenty-fovrth  part  of  IM 
breadth. 

The  tendency  to  climb  is  produced  by  the  lateral  stiffness  of 
the  belt,  in  the  following  manner: — When  the  part  of  the  belt 
which  touches  the  pulley  deviates  towards  one  side,  as  in  fig.  124, 
the  part  which  b  approaching  the  pulley 
ia  made  to  deviate  towards  the  opposite 
side;  and  thus,  after  the  pulley  has 
turned  through  a  smalt  angle,  the  devia- 
tion of  the  belt  is  corrected. 

A  crossed  belt  is  twisted  half  round 
pasaiDg  from  one  pulley  to  another, 
as  shown  in  fig.  123,  so  as  to  bring  the 
ae  ndo  of  the  belt  into  contact  with 
both  pulleys.  The  principal  object  of 
this  is,  that  the  two  stmight  parts  of  the 
belt  may  pass  each  other  flatwise  where 
they  cross,  so  as  not  to  resist  each  otfaei's 
motion.  Another  object,  in  the  case  of 
leaUier  belts,  is  to  bring  the  roagher  sido 
of  the  leather  into  contact  with  both 
piilleysL 

It  has  already  been  stated  that  the 
position  which  a  belt  assumes  upon  a  pulley  is  determined  by  the 
position  of  its  advancing  aide;  that  is,  of  the  part  of  the  belt 
whidi  is  approaching  the  pulley.  In  the  contrivance  called  the 
"Jiut  and  loott  pulley"  for  engaging  and  disengaging  macbineiy, 
a  belt  driven  by  a  suitable  driving  pulley  is  provided  with  two 
similar  and  equal  following  pulleys,  mounted  side  by  side  upon 
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torus  tooself  upon  ib.  The  belt,  when  in  motion,  can  be  flhifted  bj 
means  of  a  fork,  that  guides  itB  adTancing  side  to  the  &8t  pulley 
or  to  the  loose  pulley  at  will,  bo  as  to  engage  or  disengage  the 
shaft  on  which  those  pulleys  are  fitted.  The  driving  pulley  ia 
made  of  a  breadth  equal  to  the  breadths  of  the  fast  and  loose 
pulleys  together. 

The  lateral  atiffpess  of  a  belt  is  also  made  srailable  for  the 
purpose  of  keeping  it  in  its  place  on  the  pulleys  when  their  axes 
are  not  parallel,  as  in  fig.  125,  which  is  sketched  in  Iwmetrical 
perspectiva     Cj  Cj  and  Cj  C^  are  the  axes;  £,  Ep  their  common 


Fig.  125. 


perpendicular.  In  order  that  the  bolt  may  remain  on  the  pulleys, 
the  central  platie  of  each  pulley  mutt  pan  through  the  point  of 
delivery  o/  the  other  pulley — that  ia,  the  point  where  the  belt 
leaves  the  other  pulley;  or,  in  other  words,  the  central  ptaTtei  of  the 
two  puUet/t  ihomd  interiect  in  the  straight  line  which  eonnede  ths 
tun  points  o/ ddivfry.  In  fig.  125,  D,  and  D,  are  the  two  points  of 
delivery;  and  the  pulleys  are  so  placed  that  Dj  Dj  is  the  line  of 
intersection  of  their  central  planes.  It  ia  es.sy  to  see  that  this 
arrangement  docs  not  admit  of  the  motion  b«ing  reversed;  for 
when  that  takes  place,  D,  and  Dj  cease  to  be  the  points  of  delivery, 
and  become  the  poiuts  where  the  belt  is  received ;  and  it  ia  at  once 
thrown  off  the  pulleys. 

171.  smJ  Gbbh  {A.  if,  4S3)  are  a  contrivance  for  varying 
and  adjusting  the  velocity-ratio  communicated  between  a  pair  of 
parallel  sha^s  by  means  of  a  belt,  and  may  be  either  continuous 
cones  or  conoids,  as  in  fig.  12C,  A,  B,  whose  velocity -ratio  can  be 
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Taried  gradnally  whUe  thej  are  in  motion  by  shifting  the  brit;  or 
sets  of  palleys  whose  radii  rtary  by  steps,  as  in  fig.  126,  0,  D— in 
which  case  the  Telocitj-nttio  can  be  changed  by  shifting  the  belt 
from  one  pair  of  palleys  to  another  while  the  machine  is  at  rest 

In  order  that  the  belt  may  be  equally  tight  in  eveiy  possibld 
position  on  a  pair  of  speed-cones,  the  quantity  L  in  the  equations 
of  Article  169,  pages  183,  184,  must  be  constant 

For  a  crotaed  belt,  as  at  A  and  C,  L  depends  solely  on  the  line  of 
centres,  e,  and  on  the  sum  of  the  radii,  r,  •*-  r^  Now  e  is  constant 
because  the  axes  are  parallel ;  therefore  the  sum  of  ike  radii  of  the 
pitch-circles  connected  in  every  position  of  the  belt  is  to  be  constant 

That  condition  is  fulfiUed  by  a 
pair  of  continuous  cones,  generated 
by  the  revolution  of  two  straight 
lines  inclined  opposite  ways  to 
their  respective  axes  at  equal 
angles,  and  by  a  set  of  paira  of 
pulleys  in  which  the  sum  of  the 
radii  is  the  same  for  each  pair. 

For  an  open  belt  the  following 
practical  rule  is  deduced  from  the 
approximate  equation  (3  a,)  of 
Article  109,  page  184  :^ 

Let  the  speed-cones  be  equal 
and  similar  conoids,  as  in  fig.  126, 
B,  but  with  their  laige  and  small 
ends  turned  opposite  way&     Let 


Fig.  126. 


r^  be  the  radius  of  the  large  end  of  each,  r«  that  of  the  small  end, 
Vq  that  of  the  middle;  and  let  y  be  the  tweU  or  convexity,  measured 
perpendicular  to  the  axis,  of  the  arc  by  whose  revolution  each  of 
the  conoids  ia  generated;  then 


and 


3«e 


(1.) 


r,  +  r. 


+  y;- 


(1) 


e  SI  nearly  enough  for  the  present  purpose. 

To  find  the  swell,  y,  by  graphic  construction :  in  fig.  126  i,  draw 

u  A  B    =    3^ '  times  the  line  of 

centres;  from   B,  perpendicular 

to  A  B,  draw  B  C  -  the  difiTerence 

oc  between  the  greatest  and  least 

n^  U$u,  nidii ;  join  A  C,  and  cut  off  from 

it  A  D  a  A  B;  D  C  will  be  the 
required  swell 


SPEED  OOlTBa— PUIXBTS  FOB  OO&DS.  187 

The  radii  at  the  middle  and  ends  being  ihns  determined,  make 
tlie  generatiug  curve  an  arc  either  of  a  cii-cle  or  of  a  parabola. 

For  a  pair  of  stepped  cones,  as  in  fig.  126  d,  let  a  seiies  of 
differaueg  of  the  radii,  or  values  of  r^  ~  r^t  be  assumed;  then,  for 
each  pair  of  pulleys,  the  half-sum  of  the  radii  is  to  be  computed 
from  the  difference  bj  the  foi-mula — 

-^T^  =  'o-y; (3.) 

r0  being  the  value  of  that  half-sum  when  the  radii  are  equal; 
and  finally,  the  radii  ara  to  be  computed  from  their  half-sum  and 
half-difference,  as  follows : — 


^  ~       2  2     ' 


'^«""        2  2 


^ 


\ (4.) 


172.  PaOcTB  Ar  B^pcs  ■■<  Cmrdi*  require  ledges  to  prevent  the 
band  from  slipping  off;  for  even  flat  ropes  hav«  not  sufficient 
lateral  stiffness  to  make  them  remain,  of  themselves,  on  the  convexity 
of  a  pulley.  A  cord,  in  passing  round  a  pulle}^  lies  in  a  groove, 
sometimes  called  the  gorge  of  the  pulley ;  if  the  object  of  the  pulley 
is  merely  to  support,  guide,  or  strain  the  cord,  the  goige  may  b^ 
considerably  wider  than  the  cord ;  if  the  pulley  is  to  drive  or  to  be 
driven  by  the  cord,  so  aj»  to  transmit  motive  power,  the  gorge  must 
in  geueial  fit  the  cord  closely,  or  even  be  of  a  triangular  shape,  so 
as  to  hold  it  tight  Sometimes  the  gorge  of  a  pulley  which  is  to  be 
driven  by  a  cord  at  a  low  speed  has  n&dml  ribs  on  its  sides,  in  order 
to  give  it  a  firmer  hold  of  the  cord. 

The  groove  of  a  pulley  for  a  wire  rope  should  not  grasp  it  tightly, 
lest  the  rope  be  injured;  and  the  motion  must  be  communicated 
by  means  of  the  ordinary  friction  alone.  M.  C.  F.  Him  has 
introduced,  with  good  success,  the  practice  of  filling  the  bottoms  of 
the  grooves  of  iron  pulleys  for  wire  ropes  moving  at  a  high  speed 
with  gutta  percha,  jammed  in  tight  This  will  be  again  referred  to 
in  ti^eating  of  the  dynamics  of  machinery,  and  of  its  construction. 

When  a  cord  does  not  merely  pass  over  a  pulley,  but  is  made 
fast  to  it  at  one  end,  and  wound  upon  it,  the  pulley  usually 
becomes  what  is  called  a  drain  or  a  barrel,  A  drum  for  a  round 
rope  is  cylindrical,  and  the  ro[)e  is  wound  upon  it  in  helical  coil& 
Each  layer  of  coils  increases  the  effective  radius  of  the  drum  by  an 
amount  equal  to  the  diameter  of  the  rope.  A  drum  for  a  flat  rope 
is  of  a  Ineadth  simply  equal  to  the  breadth  of  the  rope,  which  is 
wound  upon  it  in  single  coils^  each  of  which  increases  the  effective 
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radius  by  an  amount  equal  to  the  thickness  of  the  rope;  and 
instead  of  ledges  it  oflen  has  pairs  of  arms,  forming  as  it  were 
skeleton  ledges. 

173.  Gaide  Paiicra*— A  guide  pulley  merely  changes  the  direction 
of  a  band  on  the  way  from  the  pulley  which  drives  the  band  to  the 
pulley  which  is  driven  by  it  Guide  pulleys  are  useful  chiefly 
to  change  the  direction  of  a  round  cord  which  communicates 
motion  between  two  other  pulleys  whose  pitch-circles  are  not  in 
the  same  plane.  In  a  case  of  thati  kind  the  following  is  the  rule 
for  finding  a  proper  position  for  a  guide  pulley : — By  the  Rule  of 
Article  27,  page  10,  find  the  line  of  intersection  of  the  planes  of 
the  pitch-cii'cles  of  the  driving  and  following  pulley  respectively. 
From  any  convenient  point  in  that  line  draw  tangents  to  the 
proper  sides  of  the  two  pitch-circles,  to  represent  the  centre-lines 
of  two  straight  parts  of  the  band ;  then,  by  the  rule  of  Article  22, 
page  8,  draw  the  rabatment  of  the  angle  which  these  straight  lines 
make  with  each  other.     Let  A  C  B  in  fig.  127  represent  that 

rabatted  angle;  draw  a  straight  line,  C  D, 
bisecting  it ;  and  about  any  convenient  point, 
D,  in  that  straight  line  describe  a  circle 
touching  the  two  straight  lines,  C  A,  OB: 
this  will  be  the  pitch-circle  of  a  suitable 
guide  pulley. 

174.  strsiBtas  PallcTib'-A  straining  pulley 
is  used  to  bring  a  band  to  the  degree  of  tension 
which  is  necessaiy  in  order  to  enable  it  to 
transmit  motion  from  a  driving  pulley  to  a 
following  pulley.  A  straining  pulley,  as  ap- 
Fig.  127.  plied  to  a  flat  belt,  is  nsuallypressed,  by  means 

of  a  lever,  against  one  of  the  parts  of  the  belt 
which  extends  between  the  driving  and  following  pulleys,  so  as  to 
push  that  part  of  the  belt  towards  the  line  of  centres.  The  effect 
of  this  is  to  tighten  the  belt  and  increase  the  friction  exerted 
between  it  and  the  pulleys  which  it  connects.  This  is  one  of  the 
contrivances  used  for  engaging  and  disengaging  machinery.  The 
straining  or  tightening  pulley  is  usually  applied  to  the  returning 
part  of  the  belt;  that  is,  the  part  which  moves  from  the  driving; 
pulley  towards  the  following  pulley. 

Sometimes  a  straining  pulley  hangs  in  a  loop  or  bight  of  a  cord, 
and  is  loaded  with  a  weight,  as  in  fig.  128,  farther  on. 

175.  Bcceatrfc  «Bdi  iVMi-circaiar  p«iie7«  are  used  for  transmitting 
a  varjring  velocity-ratio.  For  example,  in  ^g,  128  the  pitch-line 
of  the  pulley  A  is  an  eccentric  circle,  and  might  be  a  curve  of  any 
figure  presenting  no  concavity ;  the  pitch-line  of  B  is  circular  and 
centred  on  its  axis  in  the  figure ;  but  it,  too,  might  be  eccentric  or 
non-circular.     D  £  is  the  line  of  connection,  being  the  centre-line 
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of  the  driving  part  of  the  cord,  and  a  tangent  to  both  pitch-lines; 

and  the  cord  is  kept  tight  by  a  loaded  straining  pullej  at  C.     The 

angular  velocities  of  the  pulleys 

A  and  B  at  any  given  instant  are 

inversely   as    the    perpendicular 

distances  A  D  and  B  E  of  their 

axes  from  the  line  of  connection ; 

or  in  symbols,  let  a  and  b  be  those 

angular  velocities;  then 

6  ^  AD 
a  "  BE' 

There  is  one  instance  in  which 
no  straining  pulley  is  required; 
and  that  is  when  the  pitch-lines 
of  the  driving  pulley  and  of  the 
following  pulley  are  a  pair  of 
equal  and  similar  ellipses,  centred 
on  two  of  their  foci,  A,  A',  as  Fig.  128. 

shown  in  fig.  129,  and  connected 

by  means  <^  a  crossed  cord.     The  mean  angular  vdocUies  are  equal 
and  opposite,  each  entire  revolution  being  performed  in  the  same 


time  by  both  pulleys;  and  the  velocity-ratios  at  different  instants 
are  the  same  as  in  a  combination  of  a  pair  of  elliptic  wheels  having 
the  same  foci  and  the  same  line  of  centres.  In  the  figure,  E  I  E 
and  E'  I  K  represent  the  pitch-lines  of  such  a  pair  of  elliptic 
wheels :  the  pitch  point  being  always  at  the  intersection,  I,  of  the 
two  straight  parts  of  the  cord. 

To  design  such  a  pair  of  elliptic  pulleys,  the  data  required  are 
the  line  of  centres,  A  A',  and  the  angle  by  which  each  pulley  is 
alternately  to  overtake  and  to  fall  behind  the  other  pulley.     Then, 


190  OEOMBTRT  OF  MACHIHKET. 

by  Rule  L  of  Article  108,  page  95,  find  the  fod;  and  aboat  those 
fod  draw  anj  ellipse  that  is  not  larger  than  the  ellipse  saite«l, 
according  to  the  same  rule,  for  the  pitch-line  of  a  wheel  to  work  in 
rolling  contact;  the  ellipse  so  drawn  will  be  suitable  for  the  pitch- 
lines  of  both  pulleys,  C  D  and  C  D'.  The  pulleys,  like  the  wheels 
described  in  Article  108,  will  rotate  in  the  same  manner  as  if 
the  revolving  foci  were  connected  with  each  other  by  a  straight 
link,  B  B'y  equal  to  the  line  of  centres,  A  A';  and  their  oon^e- 
sponding  positions  and  velocity-ratio  at  any  given  instant  may  be 
found  by  Rules  11.  and  III.  of  Article  108,  pages  96,  97. 

Amongst  non-circular  pulleys  are  Jugeea,  used  in  watch-work; 
in  which  the  pitch-line  is  a  spiral  described  on  a  oonoidal 
surface. 

Non-circular  pulleys  may  be  indefinitely  varied  in  figure  with- 
out difficulty;  for  the  possibility  of  keeping  the  band  tight  by 
means  of  a  straining  pulley  removes  the  necessity  of  preserving 
certain  relations  between  the  pitch-lines,  as  in  rolling  contact 

176.  Chala  Pallcfa  aadl  Ge«ri«g  CJImiaa.— A  chain  pulley  in  Bome 

cases  is  merely  a  circular  grooved  pulley  for  guiding  a  chain :  or  a 
cylindrical  barrel  on  which  a  chain  is  wound,  being  made  fast  at 
one  end  to  the  barrel,  as  in  cranes;  and  those  need  no  special 
description.  But  when  a  chain  is  to  drive  or  to  be  driven  by  a 
pulley  to  which  it  is  not  made  fast,  the  acting  surface  of  the  pulley 
must  be  adapted  to  the  figure  of  the  chain,  so  as  to  insure  a 
sufficient  hold  between  them.  Amongst  chain  pulleys  of  this  kind 
are  included  eapHans  and  windlataea. 

The  pitch-line  of  a  true  chain  pulley  is  a  polygon,  as  exempli6ed 
in  fig&  130  and  131,  in  each  of  which  figures  the  angles  of  the 
pitch  polygon  are  marked  by  black  sj>ots,  and  its  sides  by  dotted 
lines.  Ekich  side  of  the  pitch  polygon  is  equal  to  what  may  be 
called  the  pUch,  or  effective  length,  of  a  link  of  the  chain.  When 
the  links  consist  of  fiat  bars  of  equal  length,  connected  by  means 
of  cylindrical  pins,  as  in  fig.  130,  the  pitch  of  each  link  is  the  same, 
being  the  distance  between  the  centres  of  two  pins ;  and  the  pitch- 
line  accordingly  is  an  equilateral  polygon  (in  the  figure  a  regular 
hexagon).  When  the  chain  consists  of  oval  links,  like  those  of  a 
chain-cable,  as  in  fig.  131,  the  pitch  of  a  link  which  lies  flatwise  on 
the  rim  of  the  pulley  is  equal  to  its  longer  internal  diameter  plu§ 
the  diameter  of  the  iron,  and  the  pitch  of  a  link  which  stands 
edgewise  on  the  rim  of  the  pulley  is  equal  to  its  longer  interval 
diameter  mimu  the  diameter  of  the  iron;  so  that  the  pitch  polygon 
has  long  and  short  sides  alternately  (in  the  fignre  there  are 
twelve  sides— six  long  and  six  short;  and  the  length  of  a  long  side 
is  to  that  of  a  short  side  aa  5  to  3).  In  fig.  130  the  pulley  is 
simply  a  polygonal  prism;  in  fi^  131  it  has  hollows  to  fit  those 
links  whidi  stand  edgei 
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Each  c»f  the  pulIeTs  shown  in  these  fignres  has  teeth;  and  the 
traces  of  the  acting  iniriiices  ci  the  teeth  are  circular  arcs,  descrihed 
about  Hbe  adjacent  angles  of  ihe  pitch  polygons.     In  fig.  130  the 


Fig.  isa 


Fig.  131. 


chain  consists  of  donble  and  single  links  alternately;  and  the  sides 
of  the  pulley  are  provided  alternately  with  single  teeth  and  with 
pain — a  single  tooth  where  each  double  link  lies,  and  a  pair  of 
teeth  for  each  single  link  to  lie  between.  Sometimes  the  pulley  is 
proTided  with  single  teeth  only — one  in  the  middle  of  each  side  on 
which  a  double  link  lies.  Chains  of  the  shape  shown  in  fig.  130 
are  made  with  various  numbers  of  parallel  and  similar  bars  in  each 
linky  according  to  the  strength  required.  Of  course,  the  number  of 
bars  in  a  link  is  even  and  odd  alternately.  Such  chains  are  also 
sometimes  made  with  links  of  leather,  counected  together  by  brass 
]nns^  and  are  used  to  communicate  motion  between  cylindrical 
drums.  The  object  of  this  is  to  have  greater  flexibility  than  is 
posaessed  by  a  fi^t  leather  belt  In  fig.  131  each  short  side  only 
of  the  polygon  is  provided  with  a  pair  of  teeth,  which  receive  a  link 
standing  edgewise  between  them,  and  press  against  the  end  of  a 
link  that  lies  flatwisa 

Sometimes  a  chain  pulley  consists  of  a  number  of  radiating 
forksy  forming  as  it  were  a  reel;  this  is  called  a  tprocket^teeL 
Sometimes  it  has  a  triangular  gorge,  with  radiating  ribs  on  the 
inner  surface  of  each  of  the  ledgea 

177.  ■■■p—digd  Paitojffi— When  rotation  is  transmitted,  by  means 
of  two  pain  of  pulleys  connected  by  cords,  from  one  shaft  through 
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an  intermediate  sbafl  to  a  third  shaft,  having  its  axis  in  one 
straight  line  with  the  first  shaft,  the  waste  of  work  in  over- 
coming friction  may  be  diminished  by  supporting  the  intermediate 
shaft  without  bearings :  its  weight  being  simply  hung  by  means  of 
the  cords  from  the  pulleys  on  the  other  two  shafts ;  and  care  being 
taken  to  load  the  intermediate  shaft  so  as  to  produce  the  tension 
on  the  cords  which  is  required  in  order  to  transmit  the  motion. 

What  that  tension  ought  to  be 
is  a  question  belonging  to  the 
dynamics  of  machinery.  This 
contrivance  appears  to  have 
been  first  introduced  by  Sir 
William  Thomson.  In  fig.  1 32 
A  is  the  first  and  C  the  third 
shaft,  and  B  is  the  intermediate 
shaft,  suspended  by  means  of 
the  cords  that  pass  round  its 
pulleys;  D,  D  are  heavy  round 
discs,  of  the  weights  required  in 
order  to  give  sufficient  tension 
to  the  cords.  The  shaft  B, 
and  all  the    pieces  which  it 


c: 


c 


» 


D" 


Fig.  182. 


carries,  should  be  very  accurately  balanced. 


Bectioh  YI. — Connection  by  Linkwork, 


178.  HcflaitiMM.  {A.  Af.y  484.)  —The  pieces  which  are  connected 
by  linkwork,  if  they  rotate  or  oscillate,  are  usually  called  cranks, 
beams,  and  leven.  The  link  by  which  they  are  connected  is  a 
rigid  bar,  which  may  be  straight  or  of  any  other  figure :  the  straight 
figure,  being  the  most  favourable  to  strength,  is  used  when  there 
is  no  special  reason  to  the  contrary.  The  link  is  known  by 
various  names  under  various  circumstances,  such  as  coupling-rod, 
eonneding-rod,  crank-rod,  eeceniric'rod,  dca  It  is  attached  to  the 
pieces  which  it  connects  by  two  pins,  about  which  it  is  free  to 
turn.  The  effect  of  the  link  is  to  maintain  the  distance  between 
the  centres  of  those  pins  invariable;  hence  the  line  joining  the 
centres  of  the  pins  is  the  line  of  connection;  and  those  centres  may 
be  called  the  connected  points.  In  a  turning  piece  the  perpen- 
dicular let  fidl  from  its  connected  point  upon  its  axis  of  rotation  is 
the  arm  or  crank-arm.  If  the  motions  of  the  pieces  are  performed 
parallel  to  one  plane,  or  about  one  central  point,  the  pins  are  almost 
always  cylindrical,  with  their  axes  perpendicular  to  the  plane, 
or  traversing  the  pointi  as  the  case  may  be.  In  all  other  cases  the 
acting  surfaces  of  the  pins  must  be  portions  of  spheres  described 
about  the  connected  points — ^making  what  are  called  ball-and» 
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socket  joints;  unless  universcU  jotrUa  are   used,  wliich  will   be 
described  farther  on. 

179.  Pviacipies«f  c«Baccu«a.  {A.  JL  485.) — ^All  questions  as 
to  the  comparative  motions  of  a  pair  of  pieces  connected  by  a  link 
maj  be  solved  by  means  of  the  general  principles  and  rules  given 
in  Article  91,  pages  78  to  80,  and  illustrated  by  figs.  57  and  58. 
The  axes  of  rotation  of  a  pair  of  turning  pieces  connected  by  a 
link  are  almost  always  parallel  to  each  other,  and  per(»endicular  to 
the  line  of  connection;  in  which  case  the  angular  velocity-ratio  at 
any  instant  is  the  reciprocal  of  the  ratio  of  the  common  per- 
pendiculars let  £ill  from  the  line  of  connection  upon  the  axes  of 
rotation. 

Another  method  of  treating  questions  of  linkwork  is  to  find,  by 
the  principles  of  Article  69,  pages  46  to  50,  the  instantaneous 
axis  of  the  link;  for  the  two  connected  points  move  in  the  same 
manner  with  two  points  in  the  link,  considered  as  a  rigid 
body.- 

If  a  connected  point  belongs  to  a  turning  piece,  the  direction  of 
its  motion  at  a  given  instant  is  perpendicular  to  the  plane  contain- 
ing the  axis  and  crank-arm  of  the  piece.  If  a  connected  point 
belongs  to  a  shifting  piece,  the  direction  of  its  motion  at  any 
instant  is  given,  and  a  plane  can  be  drawn  perpendicular  to  that 
direction. 

The  line  of  intersection  of  the  planes  perpendicular  to  the  paths 
of  the  two  connected  points  at  a  given  instant  is  the  instaTitaneous 
axis  of  the  link  at  that  instant;  and  the  velocities  of"  the  connected 
points  are  directly  as  their  distances  from  that  axis. 

In  drawing  on  a  plane  surface,  the  two  planes  perpendicular  to 
the  paths  of  the  connected  points  are  represented  by  two  lines 
(being  their  traces  on  a  plane  normal  to  them),  and  the  instanta* 
neous  axis  by  a  point;  and  should  the  length  of  the  two  lines 
render  it  impracticable  to  produce  them  until  they  actually  inter- 
sect, the  velocity-ratio  of  the  connected  points  may  be  found  by 
the  principle,  that  it  is  equal  to  the  ratio  of  the  segments  which  a 
line  parallel  to  the  line  of  connection  cuts  off  from  any  two  lines 
drawn  from  a  given  point  perpendicular  respectively  to  the 
paths  of  the  connected  pointa  Examples  will  be  given  further 
on« 

180.  ]»cadP«iMta.  {A.  M.y  486.) — If  at  any  instant  the  plane 
traversing  one  of  the  crank-arms  and  its  axis  of  rotation  coincides 
with  the  line  of  connection,  the  common  perpendicular  of  the 
line  of  connection  and  the  axis  of  that  crank-arm  vanishes^ 
and  the  directional  relation  of  the  motions  becomes  indeter* 
minate.  The  position  of  the  connected  point  of  the  crank  arm  in 
question  at  such  an  instant  is  called  a  dead  point.  The  velocity 
of  the  other  connected  point  at  that  instant  is  null;  unless  it 

o 
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also  reaches  a  dead  point  at  the  same  instantp  so  that  the  line 
of  connection  is  in  ^e  plane  of  the  two  axes  of  rotation;  in 
which  case  the  velocitj-ratio  is  indeterminate. 

181.  CmipMI  Pwndiei  aiuiiia.  (ii .  if.,  487.) — ^There  are  onlj  two 
cases  in  which  an  uniform  angular  velocity-ratio  (being  that  of 
equality)  is  communicated  by  linkwork.  One  oi  them  is  that  in 
which  two  or  more  parallel  shafts  (such  as  those  of  the  driving  wheels 
of  a  locomotive  engine)  are  made  to  rotate  with  constantly  equal 
angular  velocities,  by  having  equal  cranks,  which  are  maintained 
paxallel  by  a  coupling  rod  of  such  a  length  that  the  line  of  connec- 
tion is  equal  to  the  distance  between  Uie  axea  The  cranks  pass 
their  dead  points  simultaneously.  To  obviate  the  unsteadiness  of 
motion  which  this  tends  to  cause,  the  shafts  are  provided  with  a 
second  set  of  cranks  at  right  angles  to  the  first,  connected  by 
means  of  a  similar  coupling  rod,  so  that  one  set  of  cranks  pass 
their  dead  points  at  the  instant  when  the  other  set  are  farthest 
from  theirs.  (See  fig.  32,  page  44.) 
This  elementary  combination  belongs  to  WiUis's  Class  A. 

. — The  term  drag-Link  is  applied  to  a  link,  as 

C  D,  fig.  133,  which  connects 
together  two  cranks,  A  C  and 
B  D,  so  as  to  make  them 
perform  a  complete  revolu- 
^   tion   in  the   same  time  and 


L. i.^.... 


\^   j^  *  in  the  same  direction.     The 

cranks  may  be  equal  or  un- 
equal   If  the  two  axes  (whose 
traces  in  the  figure  are  A  and 
Fig.  133.  B)  are  parts  of  one  straight 

line  (that  is,  if  the  points  A 
and  B  coincide),  the  angular  velocities  of  the  cranks  are  equal  at 
every  instant,  and  the  combination  belongs  to  Willis's  Class  A; 
and  such  is  the  action  of  the  drag-link  when  used  as  a  coupling. 
If  the  axes  are  not  parts  of  one  straight  line  (so  that  A  and  B  are 
different  points),  the  velocity-ratio  varies,  and  the  combination 
belongs  to  Class  R 

In  most  cases  the  crank  which  is  the  driver  goes  foremost,  and 
pulls  the  follower  after  it;  and  hence  the  name  of  "  drag-link." 

The  following  are  rules  to  be  observed  in  determining  the 
dimensions  of  the  parts. 

L  In  order  that  the  directional  relation  may  be  constant^ 
each  of  the  crank^amu,  A  C,  B  D,  should  be  longer  than  the  line  ^ 
centres,  AB. 

II.  For  the  same  reason,  and  also  in  order  that  there  may  be 
no  dead-points,  the  length  of  the  line  of  oonnecHon,  C  D,  should  be 
grsaier  Uum  the  lesser  segmeni^  £  F,   and  less  than  the  greater 
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§egmenl,  F  G,  into  uhich  the  diameter,  E  G,  q/"  tAe  greaier  of  the  two 
cirdea  deaoribed  by  the  connected  pointe  ie  divided  by  the  other  circle. 
This  principle  holds  also  when  those  circles  are  equal,  and  is  then 
applicable  to  the  diameter  of  either  of  them.  In  other  words, 
C  D  is  to  be  made 

Greater  than  AB+AO-BD, 
and  less  than  AC  +  BD-AB. 

The  comparative  motions  may  be  found  by  either  of  the  follow- 
ing rules : — 

III.  To  find  the  angtdar  vdoctty-raHo  in  a  given  position  of  the 
cranks :  on  the  line  of  connection,  G  D,  let  fall  from  the  axes  the 
perpendiculars,  A  L,  B  M ;  then 

Angidar  velocity  of  B  D  _  A  L . 
Angular  velocity  of  A  C       B  M ' 

Or  oiherwiae :  produce  the  line  of  connection,  0  D,  tiU  it  cuts  the 
line  of  centres  in  I ;  then 

Angular  velocity  of  B  D  _  I  A 
Angular  velocity  of  A  0       I  B' 

When  G  D  is  parallel  to  A  B  the  angular  velocities  are  equal 
lY.  To  find  the  linear  vdoeity-rcttio  of  the  connected  pointe: 
in  a  given  position  of  the  cranks  produce  the  crank-arms  until  they 
intersect ;  their  point  of  intersection,  K,  will  be  the  trace  of  the 
instantaneous  axis  of  the  link ;  then 

Velocity  of  D      KD 
Velocity  of  C  '"kTO' 

The  limits  between   which  that  velocitv-ratio  fluctuates  are 

l^f^.  when  B  D  traveraee  A.  and  ,;J5^.  when  A  C 
AC  A  U  —  A  i> 

tcaverses  BL 

The  two  shafts,  in  their  rotation,  may  be  regarded  as  alternately 
overtaking  and  falling  behind  each  other  by  an  angle  which  we 
may  call  the  angular  dieplacemenL  The  complete  angular  dis^ 
placement  is  attained  in  two  opposite  directions  alternately,  at  the 
two  instants  when  the  angular  velocities  of  the  shafts  are  equal : 
that  ifl,  when  the  line  of  connection  is  parallel  to  the  line  of 
centres.  The  following  is  a  rule  for  designing  a  dragMnk  motion 
with  equal  cranked  which  ehall  produce  a  given  angular  displace- 
ment; and  although  not  the  only  rule  by  which  that  problem 
Uji^t  be  solved,  it  appears  to  be  the  simplest  in  its  application. 

V.  In  fig.  134  draw  two  straight  lines,  G  O  c,  D  O  d,  cutting 
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each  other  at  right  angles  in  the  point  0 ;  lay  off  along  those  lines 
the  equal  lengths  0  C  =  O  D.  From  C  and  D  draw  the  straight 
lines  C  A,  D  B,  making  the  angles  OCA=ODB  =  half  the 
given  angular  disptacenvml^  and  cutting  0  d  and  O  c  respectively 

in  A  and  B.  Join  A  B 
and  C  D.  Then  A  B  will 
represent  the  lineof  centres  ; 
AC  and  BD  the  two  crank- 
arms;  and  C  D  the  line  of 
connection. 

The  position  of  the  parts 
represented  will  be  that  in 
which  the  angle  between 
the  crank-arms  is  least  To 
show,  if  required,  the  posi- 
tion of  the  i)art8  when  that 
angle  is  greatest,  lay  off 
O  c  and  O  d  equal  to  0  0 
and  0  D,  and  join  A  ^ 
B  df  and  c  <L 

183.    Itiak    r«r   C«atnu7 
WtaimUmwuu — ^The  only  other 


Fig.  134. 


elementary  combination  by  liukwork  which  belongs  to  Willis's 
Class  B  is  that  in  which  two  equal  cranks,  rotating  about  parallel 
axes  in  contrary  directions,  are  connected  by  means  of  a  link  equal 
in  length  to  the  line  of  centre&  This  has  been  already  described 
in  Article  108,  page  97,  and  represented  in  fig.  72,  page  96,  as  a 
contrivance  to  aid  the  action  of  elliptic  wheels.  There  are  two 
dead  points  in  each  revolution  which  the  pins  pass  at  the  instant 
when  the  line  of  connection  coincides  with  the  line  of  centres; 
consequently  the  link  is  not  well  adapted  to  act  alone,  and  requires 
a  jiair  of  elliptic  wheels,  or  of  elliptic  pulleys  (Article  175,  page 
189),  to  ensure  the  accurate  transmission  of  the  motion. 

184.  U»kw«ric  wich  Bcciprocatiac  BI«il«a~Cniak  «■«  Bcaai — 

CTniBk  ■■«  piai«a-li«d.  {A.  Jf.,  488.) — The  following  are  examples 
of  the  most  frequent  cases  in  practice  of  linkwork  belonging  to 
Willis's  Class  C,  in  which  the  directional  relation  is  recipro- 
cating; and  in  determining  the  comparative  motion,  they  are* 
treat^  by  the  method  of  instantaneous  axes,  already  referred  to  in 
Article  179,  page  193:— 

Example  I.  Ttoo  Turning  Pieces  with  Parallel  Axes,  such  as  a 
beam  and  crank  (fig.  135). — Let  C^,  Cj,  be  the  parallel  axes  of  the 
pieces;  T|,  Tj,  their  connected  points;  C|  T.,  Cj  T^,  their  crank 
arms ;  T^  T^,  the  link.  At  a  given  instant  let  v^  he  the  velocity 
ofTi;  rjthatofTjj. 

To  find  the  ratio  of  those  velocities,  produce  C^  T|^,  C^  T^,  till 
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ihej  intersect  in  K;  K  is  the  instantaneous  axis  of  the  link  or 
connecting-rod,  and  the  velocity-ratio  is 

v^  :  Vj  : :  K  Ti  :  K  Tj. (1.) 

Shonld  K  be  inconveniently  far  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  C^  Tj,  C,  T^  and  Tj  T^;  the  ratio  of  the 
two  sides  first  mentioned  will  be  the  velocity-ratio  required.  For 
example,  draw  Cj  A  parallel  to  0^  T^  cutting  T^  Tj  in  A;  then 


Vi  :t?j  iiCjA  iCaTj.. 


.(2.) 


Fig.  135. 


Fig.  186. 


Example  II.  EaUUing  Piece  and  Sliding  Piece,  such  as  a  piston- 
rod  and  crank  (fig.  136). — Let  C^^  be  the  axis  of  a  rotating  piece,  and 
T^  B  the  straight  line  along  which  a  sliding  piece  moves.  Let  T^, 
Tj,  be  the  connected  points;  C,  T,,  the  crank  arm  of  the  rotating 
piece;  and  T^T<p  the  link  or  connecting  rod.  The  points  T^  T^, 
and  the  line  T^  ^>  ^^^  supposed  to  be  in  one  plane,  perpendicular 
to  the  axis  C^  Draw  T^  K  perpendicular  to  T^  R,  intersecting 
O2  Tj  in  K;  K  is  the  instantaneous  axis  of  the  link;  and  the  rest 
of  the  solution  is  the  same  as  in  Example  I. 

185.  {A.  M.y  489.)  An  EcccmitIc  (fig.  137)  being  a  circular  diso 
keyed  on  a  shaft,  with  whose  axis  its  centre  does 
iiot  coincide,  and  used  to  give  a  reciprocating 
motion  to  a  rod,  is  equivalent  to  a  crank  whose 
connected  point  is  T,  the  centre  of  the  eccentric 
disc,  and  whose  crank  arm  is  C  T,  the  distance 
of  that  point  from  the  axis  of  the  shaft,  called 
the  eceentrictty. 

An  eccentric  may  be  made  capable  of  having  its  eccentricity 
altered  by  means  of  an  adjusting  screw,  so  as  to  vary  the  extent  of 
the  reciprocating  motion  which  it  communicates,  and  which  is 
called  the  throw,  or  travd,  or  length  of  stroke. 

186.  (A,  M,,  490.)  Tba  i^cagtb  •f  Str«be  of  a  point  in  a  recipro- 
cating  piece  is  the  distance  between  the  two  ends  of  the  path  in 
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which  thai  point  moves.  When  it  is  connected  by  a  link  with  a 
point  in  a  continuously  rotating  piece,  the  ends  of  the  stroke  of 
the  reciprocating  point  correspond  with  the  decid  points  of  the  con- 
tinuously rotating  piece  (Article  180,  page  193). 

I.  When  the  erankarm  and  the  path  of  the  connected  paifU  in  the 
redprocaiing  piece  are  given,  to  find  the  stroke  and  the  dead  points. 
If  the  connected  point  in  the  reciprocating  piece  moves  in  a  straight 
line  traversing  and  perpendicular  to  the  axis  of  the  turning  piece, 
the  length  of  stroke  is  obviously  twice  the  crank-arm.  If  that 
connected  point  moves  in  any  other  path,  let  F  F,  in  fig.  138, 

.,  represent  that  path,  A  the  trace  of  the  crank- 
j^  axis,  and  A  D  »  A  E  the  crank-arm.  From 
;  the  point  A  to  the  ptith  F  F  lay  off  the  dis- 
tances  A  B  =  the  line  of  connection  —  the 
crank-arm,  and  AGs  the  line  of  connection 
•f  the  crank-arm ;  then  B  0  will  be  the  stroke 
of  the  connected  point  in  the  reciprocating 
piece.  Draw  the  straight  lines  C  E  A  and 
BAD,  cutting  the  circular  path  of  the  crank- 
pin  in  the  points  E  and  D :  these  will  be  the 
dead  points. 

II.  When  the  crank-arm,  A  D  »  A  E,  M« 
length  of  the  line  of  connection,  and  the  dead 
points,  D  and  E,  are  given,  to  find  the  two  ends 
qf  the  stroke  of  the  eonneeied  point  in  the 
redproeating  piece.  In  D  A  and  A  £  pro- 
duced, make  D  B  and  E  0  each  equal  to  the 
length  of  the  line  of  connection;  B  and  C  will 
be  the  required  ends  of  the  stroke. 

When  the  path  of  the  connected  point  in 
the  reciprocating  piece  is  a  straight  line,  the 
preceding  principles  may  be  thus  expressed  in 
algebraiod  symbols : — 

Let  S  be  the  length  of  stroke,  L  the  length 
of  the  line  of  connection,  and  R  the  crank- 
arm.  Then,  if  the  two  ends  of  the  stroke  are  in  one  straight  line 
with  the  axis  of  the  crank, 

S  =  2R; (1.) 

and  if  their  ends  are  not  in  one  straight  line  with  that  axis,  then 
8,  L  —  Ry  and  L  +  R^  are  the  three  sides  of  a  triangle,  having  the 
angle  opposite  S  at  that  axis;  so  that  if  #  be  the  supplement  of  the 
aro  between  the  dead  points, 

S«  =  2  (W  +  R2)  -  2  (L*  -  R«)  cos  4; 

2L«  +  2R«-  S«  V (2.) 


Fig.  188. 


008  1  = 


2  (L«  -  R«) 
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187.  !!«■■  Tci«citf  Ratto, — In  dynamical  questions  respecting 
machines,  especially  when  the  mode  of  connection  is  by  linkwbrk, 
it  is  often  requisite  to  determine  the  mean  ralio  of  the  linear 
yelocities  of  a  pair  of  connected  points  during  some  definite  period  ; 
which  mean  ratio  is  simply  the  ratio  of  the  distances  moved 
through  by  those  points  in  that  period.  Three  cases  may  be  dis- 
tinguished, according  as  the  combination  of  linkwork  belongs  to 
Willis's  Class  A,  Glass  B,  or  CHass  C. 

In  Class  A  the  mean  velocity-ratio  is  identical  with  the  velocity- 
ratio  at  each  instant.  For  examples,  see  Article  181,  page  194^ 
and  AHicle  182,  page  194. 

In  Class  B  the  mean  velocity-ratio  of  the  connected  points  during 
each  complete  revolution  is  that  of  the  circumferences  of  the 
circles  in  which  they  mova  For  examples,  see  Article  182,  page 
194,  and  Article  183,  page  196. 

In  Class  C  the  mean  velocity-ratio  of  the  connected  points  may 
be  taken  either  for  a  whole  revolution  of  the  revolving  point  and 
double  stroke  of  the  reciprocating  point,  or  it  may  be  taken 
separately  for  the  forward  stroke  and  return  stroke  of  the  recipro- 
cating point,  where  it  has  different  values  for  these  two  parts  of 
the  motion.  In  the  former  case  it  is  expressed  by  the  ratio  of 
twice  the  length  of  stroke  of  the  reciprocating  point  to  the 
circumference  of  the  circle  described  by  the  revolving  point;  that 
ii  to  say,  for  example,  in  fig.  138,  page  198,  by  the  ratio 

2BC 

Circumference  D  G  E  H  * 

In  the  latter  case,  the  two  mean  velocity-ratios  are  expressed  by 
the  proportions  borne  by  the  length  of  stroke  of  the  reciprocating 
point,  to  tbe  two  arcs  into  which  the  dead  points  divide  the  path 
of  the  revolving  point.  For  example,  in  fig.  138,  those  two  ratios 
are  respectively — 

BC  ,  BC 

and 


Arc  D  G  E'  Arc  E  H  D 

The  most  frequent  case  in  practice  is  that  represented  in  %g. 
136,  page  197,  where  the  reciprocating  point  moves  in  a  straight 
Hne  traversing  the  axis  about  which  the  revolving  point  moves ; 
and  in  that  case  the  mean  velocity-ratio  for  each  single  stroke  and 
for  a  whole  revolution  is 

^  =  0-63662  nearly. 

188.  BstvcMe  VctocftT^Rattoa. — In  those  cases  in  which  one  of 
the  points  connecte<l  by  a  link  revolves  continuously,  while  the 
other  has  a  reciprocating  motion,  it  is  often  desirable  to  determine 
the  greatest  value  of  the  ratio  borne  by  the  velocity  of  the  recipro- 
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eating  point  to  that  of  the  revolving  point.     The  general  principle 

upon  which  that  greatest  ratio  depends  is  shown  in  fig.  139; 

in  which  T  represents  the  reciprocating  pointy  and  T  the  revolving 

point;  T  T,  the  line  of 
connection;  and  C  T,  the 
orank-arm.  Let  C  A  be 
perpendicular  to  the  direc- 
tion of  motion  of  the 
reciprocating  point  T,  and 
let  A  be  the  point  where 
I\g.  189.  the  line  of  connection  cuts 

0  A;  then^  as  has  been 

already  shown  in  Article  184,  page,  196, 

Velocity  of  T  _  CA^ 
Velocity  of  T  "  OT' 

and  at  the  instant  when  that  ratio  is  greatest^  A  is  at  its  greatest 
distance  from  C;  therefore,  at  that  instant  the  direction  of  motion 
of  the  point  A  in  the  line  of  connection  is  along  that  line  itselt 
Draw  T'  K  parallel  to  C  A,  produce  C  T  tillitcutsiy  K  in  K,  the 
instantaneous  centre  of  motion  of  the  link,  and  join  K  A;  then 
the  direction  of  motion  of  the  point  A  in  the  line  of  connection  at 
any  instant  is  perpendicular  to  A  K;  and  therefore,  at  the  instant 
when  C  A  is  greatest^  A  K  is  perpendicular  to  A  T.  Upon  this 
proposition  depends  the  determination  of  the  greatest  value  of  the 

C  A 

ratio  frml   ^^^   ^^^    determination    cannot  be  completed  by 

geometry  alone;  for  it  requires  the  solution  of  a  cubic  equation, 
as  stated  in  the  footnote.* 

*  In  ^g,  139,  let  the  crank-arm  C  T  «  a ;  let  the  line  of  coosection 
XT'  a  &;  these  two  quantities  being  given;  and  when  the  ntio  of  the 
velocity  of  IT  to  that  of  T  is  a  maximam,  let  the  angle  C  T'  T  s  0,  and  the 
angle  A  G  T  a  0. 

Solve  the  following  cnbic  equation : — 


«in«0  — ■in*e-.ain«0  + "    =  0, 


(1.) 


■0  as  to  determine  the  value  of  sin  *B,  which  is  the  only  root  of  that 
equation  that  is  positiye  and  less  than  1.  Next,  calculate  the  value  of 
the  angle  ^,  or  those  of  its  trigonometrical  functions,  by  tiie  help  of  one  or 
more  (3  the  following  equations  (each  of  which  implies  tne  others)  :— 


tan^  a  cosOsinO 


sin  2  6 

2     • 

•    ^        >  f    «hi  •e  — 8in*6      > 

■^♦="^\l+sin«e-sin^e5/ 

1 

^^""'/(l  +  sin  •«  -  sin  *e)' 


.(2L) 
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An  appraasimate  BoltUion  of  this  question  may,  however,  be 
obtained  by  plane  geometiy,  when  the  line  of  connection,  T  IT,  is 
not  less  than  about  twice  the  crank-arm,  C  T.  It  consists  in 
treating  the  angle  at  T  as  if  it  were  a  right  angle  (from  which  it 
differs  by  the  angle  A  K  T);  and  thus  we  obtain 

When  T  TT  is  great  as  compared  with  C  T,  the  error  of  this 
solution  is  inappreciable,  or  nearly  so;  when  T  TT  =  2  C  T,  the 
approximate  solution  is  too  small  by  about  one  per  cent.,  and  is 
therefore  near  enough  for  practical  purposes;  when  T  T  becomes 
less  than  2  C  T,  the  error  rapidly  increases,  so  as  to  make  the 
approximate  solution  inapplicable;  but  cases  of  this  last  kind  are 
yeiy  uncommon  in  practice. 

189.  DrntkUiic  •r  Oaciiiaii«Bs  hj  TJakw»iftu— When  two  recipro- 
cating pieces  are  connected  by  means  of  a  link,  the  follower  may 
be  made  to  perform  two  oscillations  or  strokes  for  one  of  the 
driver,  in  the  following  manner: — In  fig.  140,  let  the  driver  be  an 
arm  or  lever,  A  B ;  A  its  axis  of  motion^  and  B  its  connected  point. 


6 


If^. D? 7^ 

/ 


\  X 


I 


\  / 


V 

Fig.  140. 

Let  C  be  the  connected  point  of  the  follower,  and  B  C  the  link. 
Then  the  parts  of  the  combination  are  to  be  so  arranged  that  the 
straight  line  C  c,  which  traverses  the  two  ends  of  the  stroke  of  the 
point  C,  shall  traverse  alao  the  axis  A,  and  shall  bisect  the  arc  of 

and  finally,  cal<nilate  the  required  greatest  velocity-ratio  by  the  following 
formnU:— 

Cji      008(6-^ 

C  T  coetf      ^"^^ 

In  the  two  extreme  cases  the  values  of  that  ratio  are  as  follows  :~When  6 
IB  immeasurably  longer  than  a,  C  A  -s-  C  T  sensibly  a  1  •  when  &  •■  o^ 
CA^CT«2. 
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niotion,  6  B  V,  of  the  connected  point  R  The  reenlt  will  be,  that 
while  the  point  B  performs  a  single  stroke,  from  6  to  6',  the  point 
C  will  perform  a  double  stroke,  from  e  to  C  and  back  again. 

If  0  is  a  point  in  a  second  lever,  that  second  lever  may,  by  means 
of  a  similar  arrangement,  be  made  to  drive  a  third  lever,  so  as  again 
to  double  the  fr^uency  of  the  strokes ;  and  thns,  by  a  train  of 
linkwork,  the  last  follower  may  have  the  frequency  of  its  strokes 
increased,  as  compared  with  those  of  the  first  driver,  in  a  ratio 
expressed  by  any  required  power  of  2. 

190l  (H«w  Httitoa  kf  i«tokw«rib^As  has  been  already  explained 
in  Article  180,  page  193,  when  the  connected  point  in  the  driver 
oC  an  elementary  combination  by  linkwork  is  at  a  dead  point,  the 

velocity  of  the  connected 
point  of  the  follower  is 
nothing;  and  when  the 
connected  point  of  the 
driver  is  near  a  dead 
point,  the  motion  of  the 
connected  point  of  the 
follower  is  comparatively 
veiy  slow,  and  gradually 
increases  as  the  connected 
point  of  the  driver  moves 
away  from  the  dead  point 
When,  therefore,  it  is 
desired  that  the  motion  of 
a  follower  shall,  at  and 
near  a  particular  position  of  the  combination,  be  veiy  slow  as 
compared  with  that  of  the  driver,  or  as  compared  with  that  of 
the  follower  itself  when  in  other  positions,  arrangements  may  be 
used  of  the  class  which  is  exemplified  in  fig.  141  and  fig.  141  a. 

In  fig.  141  the  lever  A  B,  turning  about  an  axis  at  A,  drives, 
by  means  of  the  link  B  D,  the  lever  C  D,  which  turns  about  an 
axis  at  0.  When  the  driving  lever  is  in  the  position  marked  A  B, 
it  is  in  one  straight  line  with  the  link  B  D ;  so  that  B  is  a  dead 
point,  and  the  velocity  of  the  follower  is  nnlL  As  the  connected 
point  of  the  driver  advances  from  B  towards  6,  the  connected  point 
of  the  follower  advances  from  D  towards  d^  with  a  comparative 
velocity  which  is  at  first  very  small,  and  goes  on  increasing  by 
degrees*  When  the  motion  is  reversed,  the  comparative  velocity 
of  the  latter  point  gradually  diminishes  as  it  returns  from  d 
towards  D,  and  finally  vanishes  at  the  last-named  point  Motions 
»f  this  kind  are  useful  in  the  opening  and  closing  of  steam-valves, 
in  order  to  prevent  shocks. 

Fig.  141  A  shows  a  train  of  two  elementary  combinations  of  the 
^~~*^o  kind  with  that  just  described;  the  efiect  being  to  make  the 


Fig.  141. 
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motion  of  a  third  connected  point,  £,  quite  insensible  during  a 
oertttiiL  pmrt  of  the  motion  of  the  finit  connected  point,  K 


Fid.  1*1  *, 


191.  {A.  M.,  491.)   Hwka'B  ChpIIms,  ar  DslTcmal  JTshii  (%  143), 

ia  ft  contrivance  for  coupling  sliafts  whose  axes  intersect  each  other 
in  a  point 

Let  O  be  the  point  of  intersectinn  of  the  axes  0  0|,  0  C^  ami 
i  their  angle  of  inclination  to  each  ^^ 

other.  The  pair  of  shafts  C,,  Cj, 
terminate  in  a  pair  of  forks,  Fj,  F^  ^ 
in  bearing  at  the  extremities  of 
which  turn  the  pivots  at  the  ends  of 
the  arms  of  a  rectangular  croas 
having  ita  centre  at  0.  This  cnws 
ia  the  link;  the  connected  points  are 
the  centres  of  the  bearingn  F,,  V^ 
At  each  instant  esch  of  those  points 
moves  at  right  angles  to  the  centnl 
plane  of  its  shaft  and  foik;  therefore  the  line  of  intersection  of  th« 
central  planes  of  the  two  forks,  at  any  instant,  is  the  instantaneous 
axis  of  the  cross;  ind  the  vtioeity-ratio  of  the  points  Fj,  Fj  (which, 
aa  the  forks  are  eqnal,  is  also  the  angviar  vdocUy-ralio  of  the  shsftx), 
is  equal  to  the  ratio  of  the  distances  of  those  points  from  that 
instantaneous  axia  The  mean  valne  of  that  velocity-ratio  is  that 
of  eqnality;  for  each  successive  quarter  turn  is  made  by  both 
ahalte  in  the  same  time;  bnt  ita  instantaneous  value  fluctuates 
between  the  limits^ 


FlfrlU. 


204 


OEOUETRT  OF  MACHIHEBT. 


-?  = ,  when  F,  is  in  the  plane  of  the 

a^      cos  1  *  '^ 

-^  =  cos  i  when  Fj  is  in  that  plane. 


axes; 


...(1.) 


The  following  is  the  geometrical  construction  for  finding  the 
position  of  one  of  the  shafts  which  corresponds  to  any  given  position 
of  the  other;  also  the  velocity-ratio  corresponding  to  that  position : — 
Let  the  shslt  whose  position  is  given  be  called  the  first  shaft,  and 
the  other  the  second  shaft;  and  let  the  corresponding  arms  of  the 
cross  be  called  the  first  and  second  arms  respectively. 

In  fig.  143,  let  0  be  the  point  of  intersection  of  the  axes  of  the 
two  shafts,  and  let  the  plane  of  projection  be  a  plane  traversing  O, 


Fig.  148. 

and  normal  to  the  axis  of  the  second  shafK    Let  A  O  a  be  the  trace 

of  the  plane  of  the  two  axes,  and  C  O  C,  perpendicular  to  A  O  a, 

a  normal  to  that  plane.     With  any  convenient  radius,  O  A,  describe 

a  circle  about  O.     Lay  off  the  angle  A  O  D  equal  to  the  angle  t, 

which  the  axes  of  the  shafts  make  with  each  other.     Through  D, 

O  S 
parallel  to  C  C,  draw  D  B,  cutting  O  A  in  B;  then  ^-j-  s  cost  is 

the  velocity-ratio  of  the  second  to  the  first  axis,  when  the  first  arm 

O  A        1 

coincides  with  0  C  and  the  second  with  O  A;  and  =r-=  = ;  » 

yj  D      cost 

sec  f  is  the  velocity-ratio,  when  the  first  arm  coincides  with  O  A, 

\  the  second  with  O  C. 
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About  0,  with  the  radius  0  B,  describe  a  circle.  Drav  the 
radius  O  E^  cutting  the  two  circles  in  E  and/* respectivelj,  and 
making  the  angle  A  O  y  =  the  given  angle  which  the  fir%t  am^ 
makes  with  the  plane  of  the  axes: — in  other  words,  let  0/ be  the 
rahaivMml  of  the  first  arm,  made  bj  rabatting  a  plane  normal  to 
the  first  axis  upon  the  plane  of  projection.  Through  E,  parallel  to 
O  C,  draw  E  Fj;  and  through  /,  parallel  to  O  A,  draw/  Fj;  the 
point  F^  will  be  the  projection  of  the  point  whose  rabatment  is^I 
I)raw  the  straight  line  O  F^;  this  will  be  the  projection  of  the  first 
arm  on  a  plane  normal  to  the  second  axis.  Then  perpendicular  to 
O  Fj  draw  O  F^;  this  will  be  the  required  position  of  the  second 
arm. 

The  projection  of  the  path  of  the  point  Fj  is  the  ellipse  C  B  C. 

To  &id  the  angular  velocity-ratio  corresponding  to  the  given 
position  of  the  arms;  about  any  convenient  point,  G,  in  A  0  a, 
describe  a  circle  through  0,  cutting  F|^  O  and/0  (produced  if 
required)  in  H  and  h  respectively;  from  which  points  draw  H  K 
and  h  k  parallel  to  O  C,  and  cutting  A  0  a  in  K  and  k  respectively. 
Then  we  have 


KH 


« 


^-IfeT' (^^ 

The  particular  form  of  universal  joint  shown  in  fig.  142  is  chosen 
in  order  to  exhibit  all  the  parts  distinctly.  In  practice,  the  joint 
is  often  made  much  more  compact,  the  forks  not  having  more 
space  between  them  and  the  cross  than  is  necessary  in  order  to 
admit  of  the  required  extent  of  motion  of  the  cross-arms,  and  the 
cross  being  sometimes  made  in  the  form  of  a  circular  disc,  or  of  a 
ring,  or  of  a  ball,  with  four  pivots  projecting  from  its  circumference. 
Where  the  angle  of  obliquity  of  the  two  shafts  (t)  is  small,  each  of 
the  forks  is  often  made  in  the  form  of  a  round  disc  on  the  end  of 
the  shafts  having  a  pair  of  projecting  horns  or  lugs  to  carry  the 
bearings  of  the  pivots. 

The  universal  joint  belongs  to  Willis's  Class  B.  When  used  as 
a  coupling,  it  is  liable  to  the  objection,  that  although  the  mean 
velocity-ratio  is  uniform,  being  that  of  equality,  the  velocity-ratio 
at  each  instant  fluctuates,  and  thus  gives  rise  to  vibratory  and 
unsteady  motion. 

192.  (A.  M.,  492.)  The  Drakle  nuke's  jr«iBi  (fig.  144)  is  used  to 
obviate  the  vibratory  and  unsteady  motion  caused  by  the  fluctuation 

*  In  algebraical  symbola,  let  ^,  ^  A  0/,  and  0,  =  A  0  F,,  he  the  angles 
made  by  the  first  and  second  arm  respectively  at  a  given  instant  with  the 
plane  of  the  axes  of  the  shafts;  then 

tan  01  *  tan  0,  s  coa  t;  and 
a,  <f  0,      sin  2  0j  _  tan  0,  +  cotan  0^ 

o^  "  "  cT^  *"  sin2  <f>7  "  tan  0,  +  cotan  0," 
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of  the  velocity-ratio  which  has  already  been  mentionecL     Between 
the  two  ahafts  to  be  connected,  C^,  C3,  there  is  introduced  a  short 

intermediate  shaft,  C^,  making  equal 
angles  with  C^  and  C,,  counected 
with  each  of  them  by  a  Hooke's 
joint,  and  having  boUi  its  own  forks 
in  the  same  plane.  The  effect  of 
this  combination  is,  that  the  angular 
Fig.  144.  velocities  of  the^rst  and  tAtrc^  shafts 

are  equal  to  each  other  at  eveiy 
instant;  and  that  the  planes  of  the  first  and  third  forks  make,  at 
every  instant,  equal  angles  with  the  plane  of  the  three  axes.  Henccj 
as  regards  the  comparative  motion  of  the  first  and  third  shafts,  the 
doable  Hooke's  joint  belongs  to  Class  A;  but  as  regards  the  motion 
of  the  second  or  intermediate  shaft,  it  belongs  to  Class  B.* 

The  double  Hooke's  joint  works  correctly  when  the  third  shaft 
is  paraUd  to  the  firsts  as  well  as  in  the  position  shown  in  the 
figure. 

193.  B««ke-«id-OMb«ai  emmpUmm, — This  name  may  be  given  to 
an  universal  joint  in  which  the  pivots  of  the  cross  are  capable  of 
sliding  lengthwise  as  well  as  of  turning  in  their  bearings  in  the 
boms  of  the  forks.  It  combines  the  properties  of  Hooke's  coupling 
with  that  of  Oldham's  coupling,  formerly  described  (Article  158, 
page  166);  that  is  to  say,  it  Ib  capable  of  transmitting  motion 
between  shafts  whose  axes  are  neither  parallel  nor  intersecting.  It 
acts  by  sliding  contact  and  linkwork  combined:  when  single,  it 
belongs  to  Class  B;  and  wheu  double,  with  the  axes  of  the  three 
shafts  in  parallel  planes,  and  the  first  and  third  making  equal 
angles  with  the  intermediate  axis,  to  Class  A 

194.  IiUcmllt«at  i:.iakwMrk— Click  «■«  ll«Schcl.~A  C^tcil  or  COte^ 

being  a  recipix)catiiig  bar  (such  as  B  C  in  figs.  145  and  146)  acting 
upon  a  ratchet  wheel  or  rack,  which  it  pushes  or  pulls  through  a 
certain  arc  at  each  forwaixl  stroke,  and  leaves  at  rest  at  each  back- 
ward stroke,  is  an  example  of  intermittent  linkwork.  During  the 
forward  stroke,  the  action  of  the  click  is  governed  by  the  principles 
of  linkwork;  during  the  backward  stroke,  that  action  ceases.  A 
fixed  aUch,  or  pall,  or  ddent  (such  as  6  c  in  fig.  145),  turning  on  a 
fixed  axis,  prevents  the  ratchet  wheel  or  mck  from  reversing  its 
motion. 

*  Let  %  be  the  angle  of  indination  of  C|  and  C,,  and  also  thai  of  C,  and 
C».  Let  ^1,  ^1,  ^tt  be  the  anslea  made  at  a  givea  instant  by  the  phwee  of 
the  forks  of  the  three  shafta  with  the  plane  of  their  azea,  and  Jet  Oi,  a,,  o^ 
be  their  angular  velocitiea.    Then 

tan  ^a 'tan  ^»  =  ooat  a  tan0^  *tan^,; 

whence  tan  ^«  >■  tan  0^ ;  and  a,  »  a^. 
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S07 


The  ^Ifmtim  tirokt,  bebg  tlie  tpaoe  through  which  th«  ratdiet  is 
driven  by  each  forward  stroke  of  the  clicks  is  neceflaarilj  onoe^  or  a 


/ 


V|g.Hft. 

whole  number  of  timee,  the  pitch  of  the  teeth  of  the  ratchet;  and 
it  is  obyions  that  the  length  of  the  total  stroke  of  the  click  most 


WS^  14C 
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be  greater  than  the  effective  stroke,  and  less  than  the  next  greater 
vhole  number  of  times  the  pitch.  It  is  advisable,  when  practicable, 
to  make  the  excess  of  the  total  above  the  effective  stroke  no  greater 
than  is  just  sufficient  to  ensure  that  the  click  shall  clear  each 
successive  tooth  of  the  ratchet  In  figs.  145  and  146  the  effective 
stroke  is  once  the  pitch  of  the  ratchet;  in  fig.  147,  twice  the 
pitch. 

A  catch  may  be  made  to  drop  into  its  place  in  front  of  each 
successive  tooth  either  by  gravity  or  by  the  pressure  of  a  spring, 
according  to  the  circumstances  of  the  case. 

Some  clicks  act  by  thrusting,  as  B  G  in  fig.  145,  and  B  C  in  fig. 
146;  others  by  pulling,  as  6  c  in  fig.  145. 

The  direction  of  the  pressure  between  a  dick  and  a  tooth  is 
nearly  a  normal  to  the  acting  surfaces  of  the  click  and  tooth  at 
the  centre  of  their  area  of  contact;  for  example,  in  fig.  145,  the 
dotted  lines  marked  G  D,  e  J,  and  in  fig.  146,  the  dotted  line 
marked  CD,  In  order  that  a  click  may  be  certain  not  to  lose  its 
hold  of  the  tooth,  that  normal  ought  to  pcus  inside  the  axis  o/ motion 
of  a  thrusting  dick,  and  outside  the  axis  qf  motion  of  a  pulling  dick 
For  example,  in  fig.  145,  G  D  passes  inside  the  axis  B,  and  e  d 
passes  outside  the  axis  b;  the  words  '' inside"  and  '* outside'* 
being  used  to  denote  respectively  nearer  to  and  further  from  the 
ratchet. 

It  is  convenient,  though  not  essential,  that  a  click  for  driving  a 
wheel  should  be  carried  by  an  arm  concentric  with  the  wheel;  such 
as  the  arms  A  B  in  fig.  145,  and  A  B  in  fig.  146.  In  such  cases 
the  total  angular  stroke  of  the  click-arm  (marked  BAB'  in  fig. 
145,  and  B'  A  B"  in  fig.  146)  must  be  a  little  greater  than  the 
effective  angular  stroke,  which  is  once,  or  a  whole  number  of  times, 
the  pitch-angle  of  the  teeth  of  the  wheel.  The  axis  of  motion  of 
the  click-arm  may,  however,  be  placed  elsewhere  if  necessary,  pro- 
vided care  b  taken  that  in  all  positions  of  the  arm  the  line  of 
pressure  passes  to  the  proper  side  of  the  axis  of  motion  of  the  click. 
(See  figs.  148,  149,  further  on.) 

Fig.  146  represents  a  tumbling  or  reversible  dick,  shaped  so  as  to 
act  upon  the  teeth  of  an  ordinary  toothed  wheel.  In  its  present 
position  it  drives  the  wheel  in  the  direction  pointed  out  by  the 
arrow :  by  throwing  it  over  into  the  position  marked  with  dotted 
lines,  it  is  made,  when  required,  to  drive  the  wheel  the  contrary 
way. 

It  is  easy  to  see  that  the  acting  surfaces  of  clicks,  and  the  teeth 
of  ratchets  on  which  they  act,  may  be  shaped  in  a  variety  of  ways 
besides  those  exemplifiea  in  the  figures. 

195.  Micat  Click.—- This  is  a  contrivance  for  avoiding  the  noise 
and  the  tear  and  wear  which  arise  from  the  sudden  dropping  of 
the  common  click  into  the  space  between  the  teeth  of  the  ratchet- 
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wheel  The  wheel  ia  like  an  ordinary  toothed  wheel  B  C  is  the 
click,  which,  in  the  example,  ia  made  to  push  the  teeth.  It  is 
carried  by  one  branch,  A  B,  of  a  beU-crank  lever,  which  has  a 
rocking  motion  about  the  same  axis  with  the  wheel     The  other 


Fig.  147. 


bninch  of  the  bell-crank  lever  has  two  studs  or  pins  in  it»  E  and  "E. 
Between  these  pins  is  the  driving  arm,  A  F,  which  has  a  recipro- 
cating motion  about  the  same  axis,  and  is  connected  by  a  link, 
G  H,  with  the  dick. 

B  A  B'  is  the  total  angular  stroke  of  the  bell-crank  lever; 
D  B  D'  is  the  angle  through  which  the  click  must  be  moved  in 
order  to  lift  it  dear  of  the  teeth.  The  sum  of  these  angles, 
B  A  B'  +  D  B  D',  is  =  F  A  F",  the  angular  stroke  of  the  driving 
arm.  The  positions  of  the  studs,  E  and  E,  are  so  adjusted,  that 
the  driving  arm  in  passing  from  the  one  to  the  other  moves  throuffh 
the  an^e  F  A  F  =  D  B  ly;  being  the  angular  motion  that  lifts 
the  dick  dear  of  the  teeth  before  the  return  stroke,  or  makes  it 
take  hold  before  the  forward  stroke.  During  those  parts  of  the 
motion  of  the  driving  arm  and  dick,  the  bell-crank  lever  stands 
still :  its  forward  and  return  strokes  are  made  by  the  driving  arm 
presdng  against  the  studs  E  and  E  respectively. 

196.  p— Mc  Aftiag  €Jiiciu— This  is  the  contrivance  sometimes 
called,  ^m  its  inventor,  "  the  lever  of  La  Gkrousse."  It  conmsts 
of  two  dicks  making  alternate  strokes,  so  as  to  produce  a  nearly 
continuous  motion  of  the  ratchet  which  they  drive;  that  motion 
being  intermitted  for  an  instant  only  at  each  reversal  of  the 
direction  of  movement  of  the  dicks.  In  fig.  148  the  clicks  act  by 
pushing;  in  fig.  149,  by  pulling.  The  former  arrangement  is  on 
the  whole  the  best  adapted  to  cases  in  which  the  mechanism 


no 
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raidnt  ooDsderable  strength;  sach  as  windlasBss  on  board  diip. 
jSm^\%  sin^e  stn^e  oi  the  dick-anns  advanoes  the  ntdiet  through 
one-half  of  its  pitoh. 

Oonrasponding  points  in  tbe  two  fignres  are  maiked  with  the 
Mme  letters;  and  as  fig.  148  contains  some  parts  which  do  not 


Tig.  148. 

occur  in  fig.  149,  the  former  will,  in  the  first  place,  be  referred  to 
in  explaining  the  principles  to  be  followed  in  designing  sach 
combination& 

Let  the  figure  and  dimensions  of  the  ratchet-wheel  be  given, 
and  let  A  be  its  axis,  and  B  B  its  pitch-circle;  that  is,  a  circle 
midway  between  the  points  and  roots  of  the  teeth. 

Having  fixed  the  mean  obliquity  of  the  action  of  the  clidES— 
that  is,  the  angle  which  their  lines  of  action,  at  mid-stroke,  are  to 
make  with  tangents  to  the  pitch-circle — draw  any  convenient  radios 
of  the  pitch-circle,  as  L  A,  and  from  it  lay  off  the  angle  LAD, 
equal  to  that  obliquiiy.  On  A  D  let  faXL  tiie  perpendicular  L  D, 
and  with  the  radius  A  D  describe  the  circle  0  0;  this  will  be  the 
boie^^irde,  to  which  the  lines  of  action  of  the  clicks  are  to  be 
tangenta  (As  to  base-circles,  see  also  Article  131,  page  121.)  I^ 
off  the  angle  DAE  equal  to  €m  oM  mimber  o/ iimm  hal/' tMs  piidL 
angU;  then  through  the  points  D  and  £  in  the  base-circle  dnw  two 
tangents,  cutting  each  other  in  F.     Draw  P  O,  bisecting  the  an^ 
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Fig.  149. 


at  F,  and  take  any  convenient  point  in  it^  O,  for  the  trace  of  the 
axis  of  motion  of  the  rocking-ahaft  which  carries  the  dick-anna 
From  G  let  flBLll  OH 
and  G  K  perpendicu- 
lar to  the  tangents 
F  D  H  and  E  F  K; 
then  H  and  E  will  be 
the  positions  of  the 
centres  of  motion  of 
the  two  clicks  at  mid- 
stroke;  and  O  H  and 
F  K  yMl  represent  the 
^lick-arms.  Let  L  and 
M  be  the  points  where 
D  H  and  E  E  respec- 
tively cut  the  jHtch- 
cirde ;  then  H  L  and 
E  M  will  be  the 
lengths  of  the  two  dicks.  The  effective  stroke  of  each  click  will  be 
equal  to  half  the  pitch,  (m  meouured  on  the  bcue-eirde  C  C ;  and  the 
total  stroke  must  be  as  much  greater  as  is  necesssry  in  order  to 
make  the  clicks  clear  the  teeth. 

In  fig.  149,  where  the  dicks  pull  instead  of  pushing,  the  obliquity 
is  nothing;  and  the  consequence  is  that  the  base-circle,  C  C,  coin- 
ddea  with  the  pitch-drcle,  B  B,  and  that  the  points  L  and  M  coin- 
dde  respectively  with  D  and  E 

197.  FffietiMMl  €?«ich«— The  frictional  catch  (called  sometimes 
the  '^silent  feed-motion  '*)  is  a  sort  of  intermittent  linkwork,  founded 
on  the  dynamical  principle,  that  two  surfaces  will  not  slide  on  each 
other  so  long  as  the  angle  which  the  direction  of  the  pressure 
exerted  between  them  makes  with  their  common  normal  at  the 
place  where  they  touch  each  other  is  less  than  a  certain  angle  called 
the  angle  of  rtpoee,  which  depends  on  the  nature  of  ihe  surfaces, 
and  thdr  state  of  roughness  or  smoothness,  and  of  lubrication. 
The  smoother  and  the  better  lubricated  the  surfaces,  the  smaller  is 
the  angle  of  repose. 

In  trigonometrical  language,  the  angle  of  repose  is  the  angle 
whose  tangent  i$  equal  to  the  eo-^Jideni  of  frvcHon:  that  is,  to  the 
ratio  which  the  friction  between  two  surfaces,  being  the  force  which 
resists  sliding,  bears  to  the  normal  pressure;  or,  what  is  the  same 
thing,  it  is  the  angle  whose  tine  ie  equal  to  the  ratio  thai  the  friction 
hears  to  the  resultant  pressure  when  sliding  takes  place.  The 
subject  of  friction,  and  of  the  angle  of  repose,  properly  bdong  to 
the  d  vnamical  part  of  this  treatise,  and  wiU  be  mentioned  in  greater 
detail  further  on.  For  the  present  purpose  it  is  sufficient  to  state 
that  the  sine  of  the  angle  of  repose  for  metallic  sur&ces  ir 
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moderately  smooth  stete,  and  not  lubricated,  as  deduced  from  the 
enerimenta  of  Morin,  ranges  from  O'lS  to  0-2,  or  thereabouts;  bo 
that  an  angle  irhoae 
tdne  is  <ma-aeoenlh  of 
radius  maj  be  coq< 
sidered  to  be  leas  than 
the  angle  of  repose  of 
any  pair  of  metallic 
surfaces  which  are  in 
the  above  -  mentioned 
condition. 

The  frictional  catch, 
though  always  depend- 
ing on  the  principle 
jnst  stated,  is  capable 
"~y,  of  great  variety  in 
detuL  The  arrange- 
ment represented  in 
fig.  150  is  constructed 
in  the  following  man- 
ner:— 

The  shaft  and  rim 
ot  the  wheel  to  be 
acted  upon  are  shown 
in  sectioo.  A  K  is 
the  catch-arm,  having 
a  rocking  motion 
about  the  a^tia  A  of 
the  wheel;  the  link 
l^  which  it  is  driven 
ia  supposed  to  be 
jointed  to  it  at  E; 
and  K'  K*  repreeents 
ng.  ISO.  the  stroke,  or  arc  of 

motion,  of  the  point 
K;  BO  ttiat  K'  A  E'  is  the  angular  stroke  of  the  catch-ann.  L  is 
»  socket^  capable  of  sliding  longitudinally  on  the  catoh-arm  to  a 
small  extent;  a  shoulder  for  limiting  the  extent  of  that  sliding 
motion  is  marked  by  dotted  lines.  The  socket  and  tlie  part  of 
the  arm  on  which  it  slides  should  be  square,  and  not  round,  to 
|tt«vent  the  socket  from  turning.  From  the  aide  of  the  socket 
there  projects  a  pin  at  D,  from  which  the  catch  D  ti  H  hangs, 
H  ia  a  spring,  pressiDg  agunst  the  forward  side  of  the  catch. 
a  and  H  are  two  stnds  on  the  catch,  which  grip  and  cany  forward 
tte  nm,  B  B  C  C,  of  the  wheel  during  the  forward  stroke,  by  means 
of  inction,  but  let  it  go  during  the  return  stroke. 
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A  similar  fiictioBal  catch,  not  shown  in  the  figure,  hanging 
from  a  socket  on  a  fixed  instead  of  a  moveable  arm,  at  any 
convenient  part  of  the  nm  of  the  wheel,  serves  for  a  deten^ 
to  hold  the  wheel  still  daring  the  return  stroke  of  the  moveable 
catch-arm. 

The  following  is  the  graphic  construction  for  determining  the 
proper  position  of  the  studs  G  and  H : — Multiply  the  radii  of  the 
outer  and  inner  surfaces,  B  B  and  C  C,  of  the  rim  of  the  wheel  by 
a  co-efficient  a  little  less  than  the  sine  of  the  angle  of  repose— say 
^ — and  with  the  lengths  so  found  as  radii  describe  two  circular 
arcs  about  A;  the  greater  (marked  E)lying  in  the  direction  of  for- 
ward motion,  and  the  less  (marked  F)  in  the  contraiy  direction. 
From  D,  the  centre  of  the  mn,  draw  D  E  and  D  F,  touching  those 
two  area  Then  G,  where  D  E  cuts  B  B,  and  H,  where  D  F  cuts 
C  C,  will  be  the  proper  positions  for  the  points  of  contact  of  the 
two  studs  with  the  rim  of  the  wheel.  For  the  force  by  which  the 
catch  is  driven  during  the  forward  stroke  acts  through  D;  that 
force  is  resolved  into  two  components,  acting  along  the  lines  D  G  E 
and  F  H  D  respectively;  and  those  lines  make  with  the  normals  to 
the  rim  of  the  wheel,  at  G  and  H  respectively,  angles  less  than  the 
angle  of  repose  of  a  pair  of  metallic  surfisuses  that  are  not  lubricated. 
Should  it  be  thought  desirable,  the  positions  of  the  holding  studs, 
or  of  one  of  them,  may  be  made  adjustable  by  means  of  screws  or 
otherwise. 

The  stiffness  of  the  spring  M  ought  to  be  sufficient  to  bring  the 
catch  quickly  into  the  holding  position  at  the  end  of  each  return 
stroke. 

The  length  of  stroke  of  a  frictional  catch  is  arbitrary,  and 
may,  by  suitable  contrivances,  be  altered  during  the  motion.  Con- 
trivances for  that  purpose  will  be  described  further  on. 

A  pair  of  frictional  catches  may  be  made  double-acting,  like  the 
double-acting  clicks  of  the  preceding  Article. 

198.  Sl«itfld  ijlHk.~A  slotted  link  is  connected  with  a  pin  at  one 
of  its  ends,  not  by  a  round  hole  fitting  the  pin  closely,  but  by  an 
oblong  opening  or  slot  with  semicircular  ends.  This  is  an  example 
of  intermittent  link  work;  the  intermission  in  its  action  taking 
place  during  the  middle  part  of  each  stroke,  while  the  pin  is 
shifting  its  position  relatively  to  the  link  from  the  one  end  of  the 
slot  to  the  other.  That  intermission  takes  effect  by  producing  a 
pause  in  the  motion  of  that  piece  which  is  the  follower,  and  which 
may  be  either  the  jink  or  the  pin ;  and  the  stroke  of  the  follower 
is  shorter  than  that  of  the  driver  by  an  extent  corresponding  to 
the  length  of  the  slot,  as  measured  from  centre  to  centre  of  its  two 
semiciroular  ends. 

199.  Baadi  iilaiu.— Where  tension  alone,  and  not  thrust^  is 
to  act  along  a  link,  it  may  be  flexible,  and  may  consist  either 
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of  ft  ang^  bftnd,  or  of  an  mdleoB  band  pasBing  round  a  |>air 
of  poUejrs  which  torn  round  axea  traTening  and  moving  with 
Aa  ocwnecfeed  point&    For  ezampley  in  6g.  151,  A  is  the  axis 

^ ^  of  a  rotating  shafts  B  that  of  a  crank-pin, 

/^  'X^  0  the   other  connected    pointy  and  B  C 

the  line  of  connection;  and  the  oounectiou 
is  effected  by  means  of  an  endless  band, 
passing  round  a  pulley  which  is  centred 
upon  C,  and  round  the  crank-pin  itself, 
which  acts  as  another  pulley.  The  pulleys 
are  of  course  secondary  pieces;  and  the 
motion  of  each  of  them  belongs  to  the 
subject  of  aggr^ate  combinations,  being 
compounded  of  the  motion  which  they  have 
along  with  the  line  of  connection,  B  C,  and 
of  their  respective  rotations  relatively  to 
that  line  as  their  line  of  centres;  but  the 
motion  of  the  points  B  and  C  Lb  the  same  as 
if  B  G  were  a  rigid  link,  provided  that  forces 
act  which  keep  the  buid  always  in  a  state 
of  tension. 

This  combination  is  used  in  order  to  lessen 
1%.  161  the  friction,  as  compared  with  that  which 

takes  place  between  a  rigid  link  and  a  pair  of 
pins;  and  the  band  en|ployed  is  often  a  leather  chain,  of  the  kind 
already  mentioned  in  Article  176,  page  191,  because  of  its 
flexibility. 


SacnOK  YIL^7oiiiisc(toii  Ay  Tlin  of  Ccrd^  or  by 

Beduplioaiian. 


200.  dcMfid  iTwito—fiiM  {A.  M.,  494.)— The  combination  of 
pieces  connected  by  the  several  plies  of  a  cord,  rope,  or  chain,  con- 
sists of  a  pair  of  cases  or  frames  called  blodka,  each,  containing  one 
or  more  pulleys  called  sAmvof.  One  of  the  blodu  (A,  figa  153,  153X 
called  the ,/8m^  Mm^,  or  faU-Uock^  is  fixed;  the  other,  called  the 
fiyAAotky  or  ruxning  blockf  B,  is  moveable  to  or  from  the  fidl* 
block,  with  which  it  is  connected  by  means  of  a  rope,  or  /oily  of 
which  one  end  is  frtstened  either  to  a  fixed  point  or  to  the  running 
block,  while  the  other  end,  0,  called  the  homing  pari,  is  five;  ana 
the  intermediate  portion  of  the  rope  passes  alternately  round  the 
pulleys  in  the  fixed  block  and  running  block.  The  several  plies  of 
the  rope  are  called  by  seamen  parU;  and  the  part  which  has  its 
end  fiutened  is  called  the  standing  paH.  The  whole  combination 
is  called  a  iaMe  or  purchase.  When  the  hauling  part  is  the  driver, 
"^ud  the  running  block  the  follower,  the  two  blo^  are  being  dniwu 
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together;  when  the  ranning  block  is  the  driver,  and  the  hauling 
part  the  follower,  the  two  blocks  are  being  palled  apart 

201.  TdMitfiUtfM.  {A.  M.y  495, 496.)---The  tw^oeiey-ns^ chiefly 
consideied  in  a  purchase  is  that  between  the  velocities  of  the 
ranning  block,  B,  and  of  the  haaling  part,  0.  That  ratio  is 
expressed  bj  the  number  of  pliu  of  rope  by  which  the  ranning 


ng.  15S. 


Fig.  158. 


Uock  is  connected  with  the  fall-block.     Thus,  in  fig.  152,  C  -r  ^ 
e-  7;  and  in  fig.  153,  C  -h  B  s  6.    A  tackle  is  called  a  twqf 
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purchase,  a  Areefold  purcfuue,  and  so  on,  according  to  the  value  oi 
the  velocity-ratio  C  ~  B.  For  example,  fig.  152  is  a  sevenfold 
purchase,  and  fig.  153  a  sixfold  purchase. 

The  vdoeUy  cfany  ply  or  part  of  the  rope  is  found  in  the  follow- 
ing manner : — For  a  ply  on  the  side  of  the  fall-block,  A,  next  the 
hauling-part,  G,  it  is  to  be  considered  what  would  be  the  velocity  of 
that  ply  if  it  were  itself  the  hauling  part :  that  is  to  say,  the  ratio 
of  its  velocity  to  that  of  the  running  block  is  expressed  by  the 
number  of  plies  hdween  the  ply  in  question  and  the  point  of  attach- 
ment of  the  standiug  part  For  a  ply  on  the  side  of  the  fall-block 
furthest  from  the  hauling  part,  the  velocity  is  equal  and  contraiy  to 
that  of  the  next  succeediug  ply,  with  which  it  is  directly  connected 
over  one  of  the  sheaves  of  the  fall-block.  If  the  standing  part  is 
attached  to  a  fixed  point,  as  in  fig.  153,  its  velocity  is  nothing;  if  to 
the  running  block,  as  in  fig.  152,  its  velocity  is  equal  to  that  of 
the  block.  The  comparative  velocities  of  the  several  parts  of  the 
ropes  are  expressed  by  the  upper  row  of  figures.  The  lower  row 
of  figures  express  the  velocities  of  the  several  parts  relatively  to 
the  running  block. 

202.  Ordiaarr  F«rai  •f  PHiicy-Biocks.— A  block,  as  used  on  board 
ship,  consists  of  an  oval  ahdl,  usually  of  elm  or  metal,  containing 
one  or  more  pulleys,  called  sheaveSy  of  lignum-vitsB  or  metal,  turn- 
ing about  a  cylindrical  wrought-iron  pin.  The  round 
hole  in  the  centre  of  a  wooden  sheave  is  lined  with 
a  gun-metal  tube  called  the  bushing.  The  part  of  the 
sheave-hole  through  which  the  rope  or  chain  reeves 
is  called  the  suxmUow,  In  the  bottom  and  sides  of  a 
block  is  a  groove  called  the  «core,  into  which  fits  the 
'  strop  or  strapping  of  rope  or  iron  by  which  the  block  is 
hung  or  secured  to  its  place.  Ordinary  blocks  con- 
taining one  pin  are  called  single,  dovbUj  treble^  Ac., 
according  to  the  number  of  sheaves  that  turn  about 
that  pin  side  by  side.  Each  sheave  turns  in  a  separate 
hole  in  the  shelL  Fig.  154  shows  examples  of  the 
forms  of  iron  pulley-blocks  commonly  used  in  machinery 
on  land.  A  is  a  treble  block ;  B,  a  double  block.  The 
block  B  has  an  eye  for  the  attachment  of  the  standing 
part  of  the  rope. 

203.  WkiM^  jpaiicrfc— When  the  sheaves  of  a  block, 

as  in  the  ordinary  form,  are  all  of  the  same  diameter,  they 

all  turn  with  different  angular  velocities^  because  of  the 

different  velocities  of  the  plies  of  rope  that  pass  over 

Vlg.  1A4.     them.     But  by  making  the  effective  radius  of  each 

sheave  proportional  to  the  velocity,  rdaUvdy  to  the 

5foc*,  of  the  ply  of  rope  which  it  is  to  carry,  the  angdar  velocities 

of  the  sheaves  in  one  block  may  be  rendered  equal;  so  that  the 
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sheaves  may  be  made  all  in  one  piece^  having  two  journals  which 
tnm  in  fixed  bearinga 

These  are  called  "White's  Pulleys,"  from  the  inventor;  and  they 
are  represented  in  figs.  152  and  153,  page  215:  having  been  chosen 
to  iUustrate  the  general  principles  of  the  action  of  blocks  and  tackle, 
because  of  the  clearness  with  which  they  show  the  positions  of  all 
the  parts  of  the  rope. 
They  are  not,  however, 
much  used  in  practice, 
because  the  unequal 
stretching  of  different 
parts  of  the  cord  pre* 
vents  the  combination 
from  working  with  that 
d^ree  of  accuracy  which 
is  necessary  in  order  that 
any  advantage  may  be 
obtained  by  means  of  it 
over  the  common  con- 
struction. 

204.  C«iiip«mid    Par. 

cksMs.  —  A  compound 
purchase  consists  of  a 
train  of  simple  pur- 
chases; that  is  to  say, 
the  hauling  part  of  one 
tackle  is  secured  to  the 
running  block  of  another, 
and  so  on,  for  any  num- 
ber of  tackles.  In  prac- 
tice, however,  the  number 
of  tackles  in  a  compound 
purchase  is  almost  always 
two;  and  then  the  rope 
that  has  the  running 
block  secured  to  it  is 
usually  called  the  pen* 
darUf  and  the  rope  that 
is  directly  hauled  upon 
by  hand,  the  fall. 

The  velocity-ratio  is, 
as  in  other  trains  of 
elementary  combinations, 
the  product  of  the  velo- 
city-ratios belonging  to  the  elementary  or  simple  tackles  of  which 
the  compound  purchase  consists. 


Fig.  155. 
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For  example,  in  fig.  155,  A  B  0  is  a  twofold  parcliase;  and 
at  D,  its  pendant  is  Recnred  to  the  flj-block  of  a  threefold  por- 
chase,  DBF,  whose  hauling  part  is  F  G.  The  Felociiy-ratio  of 
D  to  B  is  2,  and  that  of  G  to  D  is  3;  so  that  the  velocity-ratio 
ofGtoBis2  X  3  «  6;  and  the  compound  purchase  is  sixfold. 

205.  Mmipm  Ui4  0paee  Rc^alredl  fcr  m.  PwvhaM. — An  elementary 

or  simple  purchase  requires  no  more  space  to  work  in  than  the 
greatest  distance  from  outside  to  outside  of  the  fixed  and  running 
blocks.  The  least  length  of  rope  sufficient  for  it  may  be  found 
as  follows: — ^To  the  greatest  distance  between  the  centres  of  the 
blocks  add  half  the  ^ective  circumference  of  a  sheave  (see  Article 
166,  page  180);  multiply  the  sum  by  the  number  of  plies  of  rope 
which  connect  the  blocks  with  each  other;  and  to  the  product  add 
the  least  length  of  the  hauling  part  required  under  the  diciiia* 
stances  of  the  particular  case. 

A  compound  purchase  requires  a  length  of  space  to  work  in 
equal  to  the  whole  distance  traversed  by  the  fly-block  of  Ihe  last 
purchase  in  the  train  (viz.,  that  whose  hauling  part  is  free),  with 
a  sufficient  additional  length  added  for  the  blocks  and  their 
fastenings. 

206.  OMi«a«i7-Mtf  Hf  TmUs.— The  parts  of  the  rope  of  a  tackle, 
instead  of  being  parallel  to  each  other  and  to  the  direction  of 
motion  of  the  running  block,  may  make  various  angles  with  that 
direction .     For  example,  in  ^g,  166,  B  is  the  running  block,  and  B  & 


Fig.  166« 


its  line  of  motion ;  and  in  the  case  represented,  that  block  hangs 
from  two  parts  of  a  rope — the  standing  part,  B  A,  and  another 
part,  B  0.  To  find  the  velocity-iatio  of  the  haulins  part»  D,  to  the 
running  block,  B :  from  the  centre,  B,  of  that  blo<«,  draw  straight 
lines,  B  a,  B  «^  pajnallel  to  the  parts  of  the  rope  by  whidi  it  hann; 
at  any  convenient  distance  from  B,  draw  the  8trai|^t  line  aoe 
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perpendicular  to  B  6,  and  catting  all  the  straight  lines  which 
diverge  from  B;  then, 

aaB6:i8toBa+  Be, 

:  :  so  is  the  velocity  of  B 
:  to  the  velocity  of  D ; 

and  the  same  role  may  be  extended  to  any  number  of  parts^  thus: 

velocity  of  D       sum  of  lengths  cut  off  on  lines  diverging  from  B 
velocity  of  B  ~  Wb  * 

The  combination  belongs  to  Ckss  B;  because,  owing  to  the  con- 
tinual variation  of  the  obliquity  of  the  parts  of  the  rope,  the  velocity- 
ratio  is  continually  changing. 

206  A.  TiiicyB»pMb— The  Uiler  of  a  ship  is  a  horizontal  lever 
projecting  from  the  mdder-head,  by  means  of  which  the  position  of 
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the  ladder  is  adjusted.  It  nsoally  points  forward;  that  is»  in  the 
contrary  direction  to  the  mdder  itad£  In  ships  of  war  the  tiller  is 
nsoallj  put  orer,  or  moved  to  one  side  or  to  the  other,  by  means  of  a 
pair  of  obliquely-acting  twofold  tackles,  made  of  raw  hide  ropes, 
which  haul  it  respectively  to  starboard  (that  is,  towards  the  right) 
and  to  port  (that  is,  towards  the  left),  when  required.  The  hauling 
parts  of  both  tackles  are  guided  by  fixed  pulleys  so  as  to  be  wound 
in  opposite  directions  round  one  barrel,  which  is  tamed  by  means 
of  the  steering-wheel.* 

Fig.  156  A  is  a  plan  of  this  combination.  A  is  the  rudder-head  ; 
A  B,  the  tiller,  shown  as  amidships,  or  pointing  right  ahead; 
D  B  F  G  is  the  starboard  tillei^tope;  D'  B  F  G',  the  port  tiller- 
rope.  These  ropes  are  made  fast  to  eye-bolts  at  D  and  IX;  at  B 
they  are  rove  through  blocks  that  are  secured  to  the  tiller ;  at  F 
and  F'  they  are  led  round  fixed  pulleys;  and  G  and  G'  are  their 
hauling  parts,  which  are  led,  by  means  of  pulleys  which  it  is  unne* 
cessaiy  to  show  in  the  figure,  to  the  barrel  of  the  steering-wheeL 

A  6  is  the  position  of  the  tiller  when  put  over  about  ^O**  to  star- 
board ;  and  the  corresponding  positions  of  the  tiller-ropes  are 
D  6  F  G  and  D'  6  F  G'. 

In  order  that  the  tiller-ropes  may  never  become  too  slack,  it  is 
necessary  that  the  sum  of  the  lengths  of  their  several  parts  flhould 
be  nearly  constant  in  all  positions  of  the  tiller;  that  is  to  say,  that 
we  should  have,  in  all  positions, 

D6  +  6F  +  D'6  +  6F  nearly  =  2  (D  B  +  B  F). 

That  object  is  attained,  with  a  rough  approximation  sufficient  for 

practical  purposes,  by  adjusting  the  positions  of  the  points  D,  D', 

and  F,  F,  according  to  the  following  rule : — 

Rule. — About  A,  with  the  radius  A  B,  describe  a  circle.    Make 

2 
A  C  =  ^  A  B ;  and  through  C,  perpendicular  to  A  B,  draw  a 

straight  line  cutting  that  circle  in  D  and  D'.     These  will  be  the 

points  at  which  the  standing  parta  of  the  ropes  are  to  be  made  fast. 

1 
Then  produce  A  B  to  E,  makicg  B  E  :=  y^  A  B;  and  through  E, 

K 

perpendicular  to  A  B  E,  draw  F  E  F,  making  E  F  »  E  F=  - 

C  D ;  F  and  F  will  be  the  stations  for  the  fixed  blocks. 

When  the  angle  B  A  6  is  about  40^,  the  sum  of  the  lengths  of 
the  parts  of  the  ropes  is  a  little  grater  than  when  the  tiller  is 
amidships;  but  the  difierenoe  (which  is  about  one-oOth  part  of  the 
length  expressed  in  the  preceding  equation)  is  not  so  great  as  to 

*  See  Peake^s  Rudi/mtnUiry  Treatise  <m  Shipbuilding,  second  voliime,  pp. 
^  162;  abo  Watta,  Bankine,  Kapler,  and  Barnes  On  i$A</^t^'M9,  pi  2£r 
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cause  any  inconyenient  increase  of  tightness.  For  angles  not 
exceeding  30°  the  approximation  to  uniformity  of  tightness  is 
extremely  close. 

Section  VIIL — Hydravlic  Connsctum. 


207.  CicBcnd  Nattnv  •f  the  CsHibiaatisu— The  kind  of  com- 
binations to  which  the  present  section  relates  are  those  in  which 
two  cylinders  fitted  with  moveable  pistons  are  connected  with  each 
other  by  a  passage,  and  the  space  between  the  pistons  is  entirely 
filled  with  a  mass  of  fluid  of  invariable  volume. 

Any  liquid  mass  may  be  treated,  in  most  practical  questions 
respecting  the  transmission  of  motion,  as  if  its  volume  were  in- 
variable, because  of  the  smallness  of  the  change  of  volume  produced 
in  a  liquid  by  any  possible  change  of  pressure.  For  example,  in 
the  case  of  water,  the  compression  produced  by  an  increase  in  the 
intensity  of  the  pressure  to  the  extent  of  one  atmosphere  (or  14*7 
lbs.  on  the  square  inch),  is  only  one-20,000th  part  of  the  whole 
volume.    (See  Article  88,  page  75.) 

The  volume,  then,  of  the  mass  of  fluid  enclosed  in  the  space 
between  two  pistons  being  invariable,  it  foUows  that  if  one  piston 
(the  driver)  moves  inwards,  sweeping  through  a  given  volume,  the 
other  piston  (the  follower)  must  move  outwards,  sweeping  through 
an  exactly  equal  volume;  otherwise  the  volume  of  the  space  con- 
tained between  the  pistons  would  change;  and  this  is  the  principle 
upon  which  the  comparative  motion  in  hydraulic  connection  depend& 

208.  efVmtmft  Plai«Bs»  mmA  Plaaaen.— A  piston  is  a  primary 
piece,  sliding  in  a  vessel  called  a  cylinder.  The  motion  of  the  piston 
18  most  commonly  straight;  and  then  the  bearing  surfaces  of  the 
piston  and  cylinder  are  actually  cylindrical,  in  tiie  mathematical 
sense  of  that  word. 

When  the  motion  of  a  piston  is  circular,  the  bearing  surfaces 
of  the  piston,  and  of  the  vessel  in  which  it  slides,  are  surfaces  of 
revolution  described  about  the  axis  of  rotation  of  the  piston;  but 
that  vessel,  in  common  language,  is  still  called  a  a/Under,  although 
its  figure  may  not  be  cylindricad. 

A  plunger  is  distinguished  from  an  ordinary  piston  in  the  follow- 
ing way : — The  bearing  surface  of  a  cylinder  for  a  plunger  consists 
merely  of  a  collar,  of  a  depth  sufficient  to  prevent  the  fluid  from 
escaping;  and  the  plunger  slides  through  that  collar,  and  has  a 
bearing  surface  of  a  length  equal  to  the  depth  of  the  collar  added 
to  the  length  of  stroke;  so  that  during  the  motion  difierent  parts 
of  the  sur&ce  of  the  plunger  come  successively  into  contact  with  the 
same  surfiice  of  the  collar.  On  the  other  lumd,  an  ordinary  piston 
has  a  bearing  sni&ce  of  a  depth  merely  sufficient  to  prevent  the 
fluid  from  escaping;  and  the  cylinder  has  a  bearing  surface  of  a 
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length  equal  to  the  depth  of  that  of  the  piston  added  to  the  length 
of  stroke;  so  that  during  the  motion  the  same  suifaoe  of  the  piston 
comes  into  contact  sucoessivelj  with  different  parts  of  the  saHaoe 
of  the  cylinder.  For  example,  in  fig.  157,  A  is  a  plunger,  working 
through  the  collar  B  in  the  cylinder  C;  and  in  fig^  158,  A  is  an 


ng.167. 


Fig.  158. 


ordinary  piston,  working  in  the  cylinder  R    The  action  of  plnngen 

and  of  ordinary  pistons  in  transmitting  motion  is  exactly  the  same ; 

and  in  stating  the  general  prindples  of  that  action,  the  word 

piston  is  used  to  include  plungers  as  well  as  ordinary  pistona 

The  volume  moepl  by  a  piston  in  a  given  time  is  the  product  of 

two  &otors — ^transverse  area  and  length.    The  Pranmo&rm  wmk  is 

that  of  a  plane  boimded  by  the  beuing  sur&oe  of  the  piston 

and  cylinder,  and  normal  to  the  direction  of  motion  of  the  piston, 

so  that  it  cuts  that  surfiioe  everywhere  at  right  angles.     In  a 

straight-sliding  piston  that  plane  is  normal  to  the  axis  of  the 

cylinder;  in  a  piston  moving  circularly,  it  traverses  the  axis  of 

rotation  of  the  piston:  in  other  words,  the  area  is  that  <^  a 

projection  of  the  piston  on  a  pkne  normal  to  its  direction  of 
motion. 

vow!^*'il  motion  of  the  nurton  is  stnight,  the  Im^  of  the 

^  Z  S^  ""^  "  rimpl/the  dirt.no^'moyed  l^Udi  point 

">•  Pirton.     yTiitio,   the  motion  ia  oinmlM-,  th^  length  is 
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tlie  distance  moved  through  hy  the  eenire  of  the  area  of  the 
piston* 

So  long  as  the  transverse  area  and  length  of  the  space  swept  hy 
a  piston  are  the  same,  it  is  obvious  that  the  form  of  the  ends  of 
that  piston  does  not  affect  the  volume  of  that  spaca 

When  the  space  in  the  cylinder  which  contains  the  fluid  acted 
on  by  a  piston  is  traversed  by  a  pisian-rodf  the  effective  tituisverse 
area  is  equal  to  the  tranverse  area  of  the  piston,  with  that  of  the 
rod  subtxacted.  For  example,  in  fig.  158,  the  upper  division  of 
the  cylinder  is  traversed  by  the  piston-rod  C,  working  through  the 
stuffing-box  D ;  hence  the  effective  transverse  area  in  that  division 
of  the  cylinder  is  the  difference  between  the  transverse  areas  of  the 
piston  A  and  rod  0.  In  the  lower  division  of  the  cylinder,  where 
there  is  no  rod,  the  whole  transverse  area  of  the  piston  is  effectiva 
A  trunk  acts  in  this  respect  like  a  piston-rod  of  large  diametec 

209.  €»MpTBtive  ▼•■•diiM  •r  Pif — .—From  the  equality  of  the 
volumes  swept  through  by  a  pair  of  pistons  that  are  connected  with 
each  other  by  means  of  an  intervening  fluid  mass  of  invariable 
volume,  it  obviously  follows  that  the  velccUiea  of  the  pistons  cure 
inversely  as  their  transverse  a/reas. 

The  transverse  areas  are  to  be  measured,  as  stated  in  the  pre- 
ceding Article,  on  planes  normal  to  the  directions  of  motion  of  the 
pistons;  and  when  the  motion  of  a  piston  is  circular,  the  velocity 
referred  to  in  the  rule  is  that  of  the  centre  of  its  transverse  area. 

Let  A  and  A'  denote  the  transverse  areas  of  the  two  pistons 
marked  with  those  letters  in  fig.  159,  page  224,  and  v  and  ff  their 

t/      A 

velocities;  then  their  velocity-ratio  is  -  =  -r^. 

As  the  velocity-ratio  of  a  given  pair  of  connected  pistons  is  con- 
stant, the  combination  belongs  to  Willis's  Class  A. 

210.  CwmpmtmMkw  Td^clties  •€  FlaM  PuUcIm.— It.may  sometimes 
be  leqnired  to  find  the  comparative  mean  velocities  with  which 

*  To  find  the  distanoe  of  the  centre  of  a  plane  area  from  an  axis  in  the 
plane  of  that  area :  divide  the  area,  by  lines  parallel  to  that  axis,  into  a 
number  of  narrow  bands;  let  c2  a;  be  the  breadth  of  one  of  those  bands,  and 

y  its  length ;  then ydx\B  the  area  of  that  band ;  and    I   y  d  x  is  the 

whole  area.    Let  x  be  the  distance  from  the  axis  to  the  centre  of  the  band 

,  rf  «;  tl«  «  y  d  «  i.  the  ^eo«««rt«Z  m*m«U  of  that  Und.  «id  /  «  y  i  « 

IS  the  goometncal  moment  of  the  whole  area  relatively  to  the  azia;  which 
moment,  being  divided  by  the  area,  gives  the  required  distance  of  the  centre 
of  the  area  frxnn  the  axis,  viz., 


/  xydx 
j  ydm 


.  (See  Article  2»3,  page  331) 
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the  fluid  particles  flow  through  a  ^ven  section  of  the  passage  which 
connects  a  pair  of  pistons;  it  being  nnderstood  that  the  mean 
Telocily  of  flow  throngh  a  given  section  of  the  passage  denotes  the 
mean  valae  of  the  component  velocities,  in  a  direction  normal  to 
that  section,  of  all  the  particles  that  pass  through  it.  From  the 
&ct  that  in  a  given  time  equal  volumes  of  fluid  flow  through  all 
sectional  sur&oes  that  extend  completely  across  the  passage,  it 
follows  that  the  mean  velodiy  of  flaw  through  any  8uch  section  is 
inversely  as  Us  area  (a  principle  already  stated  in  Article  88,  page 
76);  and  this  principle  applies  to  all  possible  sections,  transverse 
and  oblique,  plane  and  curved. 

For  example,  in  fig.  159,  let  B  denote  the  area  of  a  transverse 
section,  B  ^  <tf  the  paasage  which  connects  the  two  (^Unders^  and 


r 
A 


^ 


C\ 


VIg.159. 


u  the  mean  velodiy  with  which  the  particles  of  fluid  flow  through 
that  section;  then  «,  as  before,  being  the  velocity  of  the  piston 
whose  transverse  area  is  A,  we  have 


V 


A 
B 


Also,  let  0  denote  the  area  of  an  oblique  section,  C  C,  of  the  passage, 
and  to  the  mean  component  velocity  of  the  fluid  partides  in  a 
direction  normal  to  that  section ;  then 


w      A        ,to      B 
-  =  7=;  and  -  =  j^* 


211.  Vm  ar  TaHM-^lBicndiiMt  mjdgwuMe  rsMainMlf     Talma 

are  used  to  regulate  the  communication  of  motion  thixnigfa  a  fluid 
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by  Opening  and  shutting  passages  through  which  the  fluid  flows; 
For  example,  a  cylinder  may  be  provided  with  valves  which  shall 
cause  the  fluid  to  flow  in  through  one  passage,  and  out  through 
another.     Of  this  use  of  valves  two  cases  may  be  distinguished. 

I.  W/ien  the  piston  drives  the  Jluid,  the  valves  may  be  what  is 
called  self-acting;  that  is,  moved  by  the  fluid  If  there  be  two 
passages  into  the  cylinder,  one  provided  with  a  valve  opening 
inwards,  and  the  other  with  a  Viilve  opening  outwards,  then, 
during  the  outward  strake  of  the  piston,  the  former  valve  is  opened 
and  the  latter  shut  by  the  inward  pressure  of  the  fluid,  which  flows 
iu  through  the  former  passage;  and  during  the  inward  stroke  of 
the  piston  the  former  valve  is  shut  and  the  latter  opened  by  the 
outward  pressure  of  the  fluid,  which  flows  out  through  the  latter 
passage.  This  combination  of  cylinder,  piston,  and  valves  con- 
stitutes a  pump, 

II.  When  the  fiuid  drives  the  piston,  the  valves  must  be  opened 
and  shut  by  mechanism,  or  by  hand.  In  this  case  the  cylinder  is 
a  iDorhing  cylinder. 

It  is  by  the  aid  of  valves  that  intermiUeni  hydraulic  connection 
between  two  pistons  is  effected;  and  the  action  produced  is 
analogous  to  that  of  the  click,  ratchet^  and  detent,  in  intermittent 
link-work. 

For  example,  in  the  Hydraulic  Press,  the  rapid  motion  of  a  small 
plunger  in  a  pump  causes  the  slow  motion  of  a  large  plunger  in 
a  working  cylinder;  and  the  connection  of  the  pistons  is  made 
intermittent  by  means  of  the  discharge  valve  of  the  pump ;  being 
a  valve  which  opens  outwards  from  the  pump  and  inwards  as 
regaixis  the  working  cylinder.  The  pump  di-aws  water  from  a 
reservoir,  and  forces  it  into  the  working  cylinder:  during  the 
inward  stroke  of  the  pump  plunger,  the  plunger  of  the  working 
cylinder  moves  outwaid  with  a  velocity  as  much  less  than  that  of 
the  pump  plunger  as  its  area  is  greater.  At  the  end  of  the  inward 
stroke  of  the  pump  plimger,  the  valve  between  the  pump  and  the 
working  cylinder  closes,  and  prevents  any  water  from  returning 
from  the  working  cylinder  into  the  pump;  and  it  thus  answers  the 
purpose  of  the  detent  in  ratchet-work  (see  page  206).  During  the 
outward  stroke  of  the  pump  plunger  that  valve  remains  shut,  and 
the  plunger  of  the  working  cylinder  stands  still,  while  the  pump  is 
again  filling  itself  with  water  through  a  valve  opening  inwards. 
When  the  piston  of  the  working  cylinder  has  finidied  ita  outward 
stroke,  which  may  be  of  any  length,  and  may  occupy  the  time  of  * 
any  number  of  strokes  of  the  pump,  it  is  permitt^  to  be  moved 
inwards  again  by  opening  a  valve  by  hand  and  allowing  the  water 
to  escape. 

A  hydranlic  press  is  often  furnished  with  two,  three,  or  more 
pQmps,  making  their  inward  strokes  in  succession,  and  so  prodttd' 

Q 
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a  continuoiis  motion  of  the  working  plunger.     ThiB  is  analogcnu  to 
the  double-acting  click  (page  209). 

211  A.  VtoxiMe  €ifUmMtem  aiUl  Fjia— . — By  an  eztenmon  of  the 
use  of  the  word  "cylinder,"  it  may  be  made  to  include  TeaselB  made 
wholly  or  partly  of  a  flexible  material,  which  answer  the  purpose 
of  a  cylinder  with  its  piston,  by  altering  their  shape  and  internal 
capacity ;  such  as  bellows.  Questions  as  to  this  class  of  TesBels 
may  be  approximately  solved  according  to  purely  geometrical 
principles,  by  assuming  the  flexible  material  of  which  they  are 
made  to  be  inextensibla 

In  bellows,  and  pumps  constructed  on  the  principle  of  bellows, 
the  vessel  must  have  at  least  a  pair  of  rigid  ends,  which,  being 
moved  alternately  from  and  towards  eadi  other,  answer  the  purpose 
of  a  piston.  If  those  ends  are  equal  and  similar,  and  connected 
together  by  sides  that  may  be  assumed  to  be  inextensible  and 
perfectly  flexible,  the  volnme  of  fluid  alternately  drawn  in  and 
forced  out  may  be  taken  as  nearly  equal  to  the  area  of  one  end 
multiplied  by  the  distance  through  which  the  centre  of  area  of  one 
end  moves  alternately  towards  and  from  the  other  end. 

Another  example  is  furnished  by  a  kind  of  pump,  in  which  a 
circular  orifice  in  one  of  the  sides  of  a  box  is  closed  by  a  rigid  flat 
disc  of  smaller  diameter,  and  a  bag  in  the  form  of  a  conical  frnstuni 
of  leatiier,  or  some  other  suitable  material — the  inner  edge  of  the 
leather  being  made  fast  to  the  disc,  and  the  outer  edge  to  the  cir- 
cumference of  the  orifice.  In  working,  the  disc  is  moved  alternately 
inwards  and  outwards,  so  as  to  draw  the  conical  bag  tight  in 
opposite  directions  alternately.  To  find  the  virtual  area  of  piston, 
add  together  the  area  of  the  disc,  the  area  of  the  orifice,  and  four 
times  the  area  of  a  circle  whose  diameter  is  the  half-sum  of  the 
diameters  of  the  disc  and  orifice,  and  divide  the  sum  by  six. 
That  virtuid  area,  multiplied  by  the  length  of  stroke,  gives  nearly 
the  volume  of  fluid  moved  per  stroke. 

In  BourdarCB  pumpe  and  engines  an  elastic  metal  tube,  of  a 
flattened  form  of  transverse  section,  is  bent  so  as  to  present  the 
figure  of  a  circular  arc  The  internal  capacity  of  the  tube  is 
varied  by  alternately  admitting  and  expelling  fluid ;  the  effect  of 
which  IB  to  flatten  the  curvature  of  the  tube  when  its  capacity  ia 
increased,  and  to  sharpen  that  curvature  when  that  capacity  ia 
diminished;  so  that  if  one  end  of  the  tube  is  fixed  in  position  and 
direction,  the  other  end  has  an  oscillating  motion. 

In  fig.  81,  page  114,  the  arcs  A  D,  A  D',  A  D*  may  be  taken 
to  represent  sncoenive  positions  of  the  tube;  A  being  its  fixed  end, 
and  b  its  moveable  end.  The  path  of  the  moveable  end,  D  If  D", 
18  nearly  an  arc  of  a  circle  of  the  radius  C  G  s  ^  of  the  length  of 
the  tube.  The  capacities  of  the  tube  in  its  several  dififorent  posi- 
tion, A  D,  A  IV,  A  D",  kc,  vary  nearly  in  the  inveree  raUb  ^ihe 
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arcs  G  D,  G  D',  G  D\  kc ;  eo  that  if  the  capacity  of  the  tube,  when 
in  a  given  position,  is  known,  we  can  calculate  its  capacity  in  any 
other  position,  and  the  volume  of  fluid  admitted  or  expelled  in 
passing  from  any  given  position  to  any  other.* 

Section  IX. — MiseeUaneous  Principles  respecting  Trains. 

212.  c— yrglf  Tndafl.— The  essential  principles  of  a  train  of 
mechanism  have  been  stated  in  Article  93,  page  80.  Two  or 
more  trains  may  converge  into  one ;  that  is  to  say,  two  or  more 
])iimaiy  pieces,  which  are  foUowei-s  in  diflerent  trains,  may  all  act 
as  drivers  to  one  primary  piece.  In  such  cases  the  comparative 
motion  in  each  of  the  elementary  combinations  formed  by  the  one 
foUower  with  its  several  drivera  is  fixed  by  the  nature  of  the 
connection ;  and  thus  the  comparative  motions  of  all  the  pieces  are 
determined.  As  an  example  of  converging  trains,  we  may  take  a 
compound  steam  engine,  in  which  two  or  more  pistons  drive  one 
shaft,  each  by  its  own  conuectiug-rod  and  crank. 

213.  l^iTMviaff  Tflviaa.— One  train  of  mechanism  may  divei^ . 
into  two  or  more;  that  is  to  say,  one  primary  piece  may  act  as 
driver  to  two  or  more  primary  pieces,  each  of  which  may  be  the 
commencement  of  a  distinct  train.  In  this  case,  as  well  as  in  that 
of  converging  traius,  the  comparative  motions  of  all  the  pieces. are 
determined. 

Examples  of  diverging  trains  might  be  multiplied  to  any  extent 
One  of  the  most  common  cases  is  that  in  which  a  number  of  differ- 
ent machines  in  a  factory  are  driven  by  one  prime  mover:  all 
those  machines  are  so  many  diverging  trains.  In  many  instances 
there  are  diverging  trains  in  one  machine ;  thus  in  almost  every 

*  Let  A  D'  be  the  position  for  which  the  capacity  of  the  tube  is  known^ 
and  let  V  be  that  capacity.  Let  A  D  and  A  D"  be  the  poeitions  of  the  tube 
at  the  two  ends  of  ita  stroke;  let  V  and  V"  be  the  corresponding  capacities; 
and  let  the  lengths  of  the  arcs  G  D,  G  D',  G  D"  be  denoted  by  «,  «",  «* 
respectively.    Then  we  have 

V  #  =  V  «'  =r  V  «';  and  -  :  -,  :  \  :  ;  V  :  V  :  V (1.) 

The  volttine  of  flnid  admitted  or  expelled  at  each  stroke  is  as  fiaUows : — 

\"  -  V  =  V  ^  (  ^  -|  )  -  Y:J!,^!^\ (2.) 

The  length  of  stroke  of  the  point  D  is  «  —  t";  henoe  the  apparatos  may 
lie  regardM  as  eq[aivalent  to  a  cylinder  and  piston  of  that  length  of  stroke, 
and  df  the  followmg  transverse  area : — 

^-'^      V'''    (8.) 


8  —  9"  f «" 
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machine  tool  there  are  at  least  two  diverging  ti;ains— one  to  pro* 
duce  the  cutting  motion,  and  the  other  the  feed  motion. 

214.  Tnla  Ur  dloiiatohlvs  FlactimllMis  •r  Spced.~The  fluctoa- 

tions  in  the  velocity-ratio,  when  a  revolving  and  a  reciprocating 
point  are  connected  by  means  of  a  link,  have  been  stated  in  Article 
184,  pages  196,  197,  and  in  Ailicle  188,  pages  199  to  201.  In 
some  cases  it  is  desirable  that  the  velocity-ratio  of  a  reciprocating 
point  to  a  revolving  point  should  be  more  nearly  uniform.  For 
this  purpose  a  train  of  two  combinations  may  be  used, — ^the  first 
primary  piece  being  a  rotating  shaft,  which  may  be  called  A ;  the 
second,  another  rotating  shaft,  which  may  be  called  B;  and  the 
third,  the  reciprocating  piece,  C.  The  connection  of  A  with  B  ia 
by  means  of  a  *pair  of  equal  and  similar  two-lobed  wheels  (see 
Article  109,  page  97);  and  a  crank  on  B,  by  means  of  a  connecting- 
rod,  drives  0.  The  two-lobed  wheels  are  to  be  so  placed  that  the 
shortest  radius  of  the  wheel  on  B  shall  be  in  gearing  with  the 
longest  radius  of  the  wheel  on  A  at  the  instants  when  the  crank  is 
passing  its  dead-points.  The  result  to  be  aimed  at  in  the  arrange- 
ment is,  that  each  quarter-Hroke  of  C  shall  be  made  as  nearly  as 
possible  in  the  time  of  one-eighth  qfa  revoliUion  of  A;  and  in  order 
that  this  may  be  the  case,  the  following  should  be  the  angles  moved 
through  by  the  two  shafts  respectively  in  given  times  : — 

Shaft  A o**        45*        90**         135*         180** 

Shaft  B,  commencing  at ) 

a  dead-point  of  the  jo"        60**        90*         120''         180° 

crank, ) 

Hence  it  appears  that  B  is  alternately  to  overtake  and  to  fall 
behind  A  by  15^  This  angle,  then,  being  given,  the  rules  of 
Article  109,  page  98,  are  to  be  applied  to  the  designing  of  the  pitch- 
lines  of  the  wheels.  The  greatest  and  least  radii  of  those  wheels  are 
approximately  0*634  and  0*366  of  the  line  of  centres  respectively. 

llie  foUowing  are  the  comparative  velocities,  at  different  instants, 
of  a  revolving  point  in  A  at  a  given  distance  from  its  axis,  of  a 
revolving  point  in  B  at  the  same  distance  from  its  axis,  and  of  a 
point  in  C  connected  by  a  very  long  link  with  the  point  in  B  * : — 

*  Mr.  Willis,  in  bis  Treatise  on  Meehaniam^  investigates  the  fignres  of  a  pair 
of  wheels  on  A  and  B  for  giving  exact  uniformity  to  the  ratio  O  •£-  A  The 
floaationa  are  as  follows :~Let  c  he  the  line  of  centres;  r,  a  radina  of  the 
wheel  on  B,  making  the  angle  6  with  the  shortest  radios ;  r',  the  corresponding 
radius  of  the  wheel  on  A,  making  the  angle  (f  with  the  longest  radina  of  this 
wheel;  then  we  have 

» sin  0         ,  J  ly      ir  •    « 

Mr.  Willis  points  ont  that  the  fonns  of  the  pitch-lines  jg;iven  by  the  eqoations 
must  in  pactioe  be  slightly  modified  at  the  points  which  gear  together  when 
the  crank  is  at  its  deaa-pomta. 
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Velocity-ratio  B -5- A,     1732    0*866     0*577     o'866     i'73a 
Velocity-ratio  C  -f  B,        o        0*866     1*000     0866        o 
Velocity-ratio  C  -i-  A,        o        0*750     0*577     0*750        o 

Mean  value  of  each  of  the  Telocity-ratios  C  -s-  B  and  C  -s-  A^  0*637. 

A  similar  adjustment  may  be  made  by  connecting  the  shafts  A 
and  B  by  means  of  an  universal  joint  (Article  191,  page  203);  the 
fork  on  the  shaft  B  being  so  placed  as  to  have  its  plane  perpen- 
dicular to  the  plane  of  the  axes  when  the  crank  is  at  its  dead-points; 
the  angle  made  by  those  axes  with  each  other  should  be  that  whose 
cosine  is  0*577,  viz.,  54p. 

The  Double  Hooke*s  Joint  (Article  192,  page  205)  is  an  example 
of  a  train  in  which  the  fluctuation  of  the  velocity-ratio  is  corrected 
exactly. 

Section  X. — References  to  Combinations  arranged  in  Classes. 

215.  Oiiiect  mi  this  8«cHea.— In  the  preceding  sections  the  various 
elementary  combinations  in  mechanism  have  been  arranged  accord- 
ing to  the  mode  of  connection.  The  object  of  the  present  section 
is  to  give  a  list  of  such  combinations,  arranged  according  to  Mr. 
Willis's  system — that  is,  according  to  the  comparative  motion — 
with  references  to  the  previous  Articles  and  pages  of  this  treatise, 
where  the  several  combinations  are  described.  Two  deviations 
from  or  modifications  of  Mr.  Willis's  system  are  used;  first,  the 
addition,  at  the  commencement  of  each  Class,  of  references  to  places 
where  the  comparative  motions  of  two  points  in  one  primary  piece 
ara  treated  of;  and  secondly,  the  placing  of  combinations  in  which 
the  connection  is  intermittent,  iu  a  class  by  themselves,  entitled 
Class  D. 


216.  Class  A.    oiMcUOTisi-itcUiti^B  c^MUiBt— ▼•i«cit7-Bati« 

Combinations. 
Vetodty-Ratio  thai  of  Eqwdiiy  alone, 

Abticlml  Pago. 

Pair  of  Points  in  one  straight-sliding  Primary  Piece,  43         22 

Sliding  Contact,  Oldham's  Coupling, 158  i6( 

Bands,  equal  and  similar  Kon-circular  Pulleys, 167  i8a 

Linkwork,  Coupled  Parallel  Shafts, 181  194 

„          Drag-link :    Shafts  in  one  straight  line,  182  194 

„          Double  Hooke's  Joint, 192  2of 

„         Double  Hooke-and-Oldham  Coupling,....  193  0^ 


330  oaaMETRT  or  macuinert. 

Any  ConstafU  VdacUy-RcUio, 

Fair  of  Poiuta  in  one  Rotating  Primai7  Piece, 53        31 

Pair  of  Points  in  one  Screw, 60         37 

Boiling  Contact:   Circular  Toothless  Wheels  and  I   .  /* 

Sectors,  and  Straight  Racks, j      ^ 

Boiling  Contact:  Frictioual  Gearing, iii       102 

fiia       103 
to         to 
Sliding  Contact;    Circular    Toothed    Wheels    and 
Sectors,  and  Straight  Racks, 


MI  139 

M4  143 

to  to 

,  15a  157 

Sliding  Contact:  Screw  Cearing...... \  to  to 

157  16^ 

165  179 

Bands  and  Pulleys, -{   to  t4) 

177  192 

[  200  214 

Blocks  and  Tackle, I  to  to 

( 205  218 

/  207  221 

Hydraulic  Connection :  Pistons  and  Cylinders <   to  to 

( 210  224 

217.    Class   R    twcd— iri»  ■tiiaitoB  cmmimmi    r<tocity^Matft 

TaHaM*. 

Mean  Vetoctty-Eaiio  that  of  EqwdUy  alone, 

I  ot 

Boiling  Contact :  Smooth  Mliptic  and  Lobed  Wheels,  ^  j^^  to 

Sliding  Contact :  Toothed  Elliptic  and  Lobed  Wheels,     143  141 

„           „          Pin  and  Slot  Coupling, 159  167 

Crossed  Cord  and  Elliptic  Pulleys, 175  189 

Linkwork:  Drag-Link, 182  194 

„          Link  for  Contrary  Botations, 183  196 

„          Single  Hooke's  Joint, 191  203 

„          Single  Hooke*and-01dham  Coupling, ....     193  ao6 

Any  Mean  VelocUy'Ralio. 

I  107  9a 

Boiling  Contact :  Non-Circular  Wheels  and  Sectors,  -(to  to 

(no  loa 


218.   Class  C.     ^te<»eito— WBcIti—  Tarlakle. 
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Any  Mean  VdocUy'RaUo-^ontiniLed. 

fflidiog  Contact :  Teeth  of  Non-Circniar  Wheels  and  t      /«  r 

Sectors, /  '^^  ^^' 

Bands  with  Non-Circular  Pulleys, 175  188 

Linkwork  with  Rocking  Cranks  and  Levers, <    ^  ^ 

I  206  ^^^ 

Blocks  and  Tackle,  obliquely  acting, <    ^  to 

(  221 


Sliding  Contact :  Pin  and  Slot^ 159  168 

(  160  170 

„           „        Camsy <   to  .to 

( »^3  175 

I  184  196 

linkwork :  Botating  Cranks  and  Eccentrics, <   to  to 

( 188  201 

Levers  for  Multiplying  Oscillations, 189  20 1 

Band-links, 198  213 


219.  Class  D.      latcmlttnit  CMtnectl^ 
Sliding  Contact :  Intermittent  Wheel- work, 142  139 

„  „         Wipers  and  Pallets;  Escapements,     164  175 

r  194  206 

Linkwork :  Clicks  and  Hatchets, <    to  to 

I  196  211 

„  Frictional  Catches, 196  211 

„  Slotted  Link, 199  213 

Hydraulic  Connection:  Valves,  Pumps,  Hydraulic  J  211        ^ 

Press,  Bellows, )  211  a 

^  227 

Section  XL — Comparative  MoHon  in  the  "  Afechanical  Powers.''* 

220.  CiMaiflMtiMi  •€  ib«  H«chMilcal  Pewen.~'<  Mechanical 
Powers"  is  tlie  name  given  to  certain  simple  or  elementary  mi^ 
chines,  all  of  which,  with  the  single  exception  of  the  pulley,  are 
more  simple  than  even  an  elementary  combination  of  a  driver  and 
follower;  for,  with  that  exception,  a  mechanical  power  consists 
essentially  of  only  one  prinuiry  moving  piece ;  and  the  comparative 
motion  taken  into  consideration  is  simply  the  velocity-ratio  either 
of  a  pair  of  points  in  that  piece,  or  of  two  components  of  the 
velocity  of  one  point     There  are  two  established  classifications  of 
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the  mechanical  powers;  an  older  classification,  which  enumerates 
ffix;  and  a  newer  classification,  which  ranges  the  six  mechanical 
powers  of  the  older  system  under  three  heads.  The  following 
table  shows  both  these  classifications : — 

Nbwkr  CLAflsmcAnoir.  Ouvbb  CLAasanGinoaL 

rp       T  /  The  Lever. 

IHE  1.EVER, I  rj^^  y^^^  ^^  j^^ 

(  The  Inclined  Plane. 

The  Inclined  Plane, <  The  Wedga 

(  The  Screw. 

The  Pulley, The  Pulley. 

In  the  present  section  the  comparative  motions  in  the  mechanical 

powers  are  considered  alone.     The  relations  amongst  the  forces 

which  act  in  those  machines  will  be  treated  of  in  the  dynamical 

division  of  this  Treatise. 

221.  licvcr— Wheel  •■«  Axle. — In  the  lever  and  the  wheel  and 

axle  of  the  older  classification,  which  Bve  both  comprehended  nnder 

the  lever  of  the  newer  classification,  the  primary  moving  piece 

turns  about  a  fixed  axis;  and  the  comparative  motion  taken  into 

consideration  is  the  velocity-ratio  of  two  points  in  that  piece,  which 

may  be  called  respectively  the  driving  point  and  the  foUowing  point. 

The  principle  upon  which  that  velocity-ratio  depends  has  already 

been  stated  in  Article  53,  page  31 — viz.,  that  the  velocity  of  each 

point  is  proportional  to  the  radius  of  the  circular  path  which  it 

describes;  that  is,  to  its  perpendicular  distance  from  the  axis  of 

motion. 

The  distinction  between  the  lever  and  the  wheel  and  axle  is 

this:  that  in  the  lever ^  the  driving  point,  D,  and  the  following 

point,  F,  are  a  pair  of  determiuate 

points  in  the  moving  piece,  as  in 

nx  X        ^S^   161  to  164;  whereas  in   the 

whed  and  axle  they  may  be  any 

pair  of  points  which  are  situated 

sF  \  respectively  in  a  pair  of  cylindrical 

pitch-surfaces,  D  and  F,  described 

^       '  '  about  the  axis  A,  fig.  160. 

In  each  of  these  figures  the  plane 

of  projection  is  normal  to  the  axis, 

and  A  is  the  trace  of  the  axis.     In 

fig.  160,  D  and  F  are  the  traces  of 

two  cylindrical  pitch-surfaces.     In 

Pig:  160.  figS;  161  to  164,  D  and  F  are  the 

^„     .  .  .    ,      projections    of    the    driving    and 

following  pomts  respectively.  ** 


MECHANICAL  POWERS. 


233 


The  axis  of  a  lever  is  often  called  ihe/tdcrum. 
'%,^^  A  lever  is  said  to  be  straight,  when  the  driving  point,  D,  and 
>^lowing  pointy  F,  are  in  one  plane  traversing  the  axis  A,  as  in 
fig&  161,  162,  and  163.     In  other  cases  the  lever  is  said  to  be  bentf 
as  in  fig.  164. 


fig.  161. 


Fig  162. 


D 
Fig.  163. 


The  straight  lever  is  said  to  be  of  one  or  other  of  three  kinds, 
according  to  the  following  classification : — 

In  a  lever  o/theJirH  kind,  fig.  IGl,  the 
driving  and  following  points  are  at  oppo- 
site sides  of  the  fnlcmm  A. 

In  a  lever  of  the  geeond  kind,  fig.  162,  the 
driving  and  following  points  are  at  the  same 
side  of  the  fulcmm,  and  the  driving  point  is 
the  further  from  the  fulcmm.  Fig.  164. 

In  a  lever  of  the  third  kind,  fig.  163,  the 
driving  and  following  points  are  at  the  same  side  of  the  fulcmm, 
and  the  following  point  is  the  further  from  the  fulcmm. 

222.  iBcUaedi  pUum— Wedge.— In  the  inclined  plane,  and  in  the 
wedge,  the  comparative  motion  considered  is  the  velocity-ratio  of 
the  entire  motion  of  a  straight-sliding  primary  piece  and  one  of  the 
components  of  that  motion;  the  principles  of  which  velocity-ratio 
have  been  stated  in  Article  43,  pages  22,  23. 

In  the  inclined  plane,  fig.  165,  A  A  is  the  trace  of  a  fixed  plane; 
B,  a  block  sliding  on  that 
plane  in  the  direction  B  C; 
the  plane  of  projection  being 
perpendicular  to  the  plane 
A  A,  and  parallel  to  the 
direction  of  motion  of  R 
B  D  is  some  direction  oblique 
to  B  C.  From  any  convenient 
point,  C,  in  B  C,  let  fall  0  D 
perpendicular  to  B  D;  then 
B  D  ->  B  C  is  the  ratio  of 
the  component  velocity  in 
the  direction  B  D  to  the  entire  velocity  of  R 

In  fig.  166,  A  A  is  the  trace  of  a  fixed  plane;  BCD,  the  trace 

of  a  wedge  which  slides  on  that  plane.     While  the  wedge  adr- 

through  the  distance  C  c,  its  oblique  face  advances  from  tf 


Fig.  165. 
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is  distinguished  from  a  primat?  piece  onljr  l>y  the  fiict  that  ita 
bearingB,  instead  of  being  carried  hy  the  fixed  frame,  are  carried  bj 
a  moving  fiame;  that  moving 
frame  being  one  of  the  primary 
pieces  from  which  the  second- 
'  ary  piece  receives  its  motion. 
^  For  example,  a  wheel  may  tura 
about  an  axis  which  is  carried 
by  an  aiin  that  turns  about 
another  axis.  The  compound 
motions  of  which  such  second- 
ary pieces  are  capable  have 
been  treated  of  in  Articlea  72 
to  79,  pages  51  to  62,  and 
Articles  81  to  86,  pagea  66  to 
74.  Wbeo  such  a  secondary  piece  is  to  drive  or  to  be  driven  by  a 
primary  piece,  or  another  secondary  piece  not  carried  by  the  nm« 


fig.  167, 


Fig.  ice. 


moving  frame,  special  contrivances,  which  may  be  called  akifling 
train*,  have  to  be  used  in  order  to  keep  up  the  connection  between 
the  two  pieces  during  their  various  changes  of  relative  poution. 
The  following  are  examples : — 

I.  When  two  pieces  turning  about  parallel  axes  are  connected 
by  toothed  gearing,  and  one  of  them  is  free  to  shift  its  positioa 
along  ita  axis  relatively  to  the  other,  the  Loko  or  Beoad  Fimiom 
may  be  used.  In  fig.  167  A  A  and  B  B  are  a  pair  of  parallel 
axes^  C,  a  spur-wheel  on  A  Aj  D,  a  pinion  on  B  B;  and  tba 
breadth  of  the  pitch-surface  of  D  is  made  greater  than  that  of  C  by 
a  length  equal  to  the  distance  through  which  D  is  capable  of  being 
tiVtrtaii  inn^tudinally. 

a  toothed  wheel,  C  C,  fig.  168,  gears  with  a  rack. 
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D  D,  and  either  the  lack  is  to  be  capable  of  taming  about  an  axis, 
B  B,  paraUel  to  its  pitch-line,  or  the  axis  A  of  the  wheel  is  to  be 
capable  of  being  moved  round  the  axis  B  B  at  the  end  of  an  arm, 
F  A,  the  Circular  Rack  is  to  be  used,  being,  as  represented  in 
the  figure,  a  solid  of  revolution  generated  by  the  rotation  of  the 
trace  of  the  rack-teeth  about  the  axis  B  B.  The  pitch- line  D  D 
becomes  the  trace  of  an  imaginary  pitch-cylinder  generated  by  its 
revolution  about  the  axis  B  B;  and  the  pitch-point  E  is  the  point 
of  contact  of  that  cylinder  with  the  pitch-cylinder  of  the  wheel. 

It  is  easy  to  see  that  by  fixing  a  broad  pinion  on  one  part  of  a 
shaft,  and  a  circular  rack  on  another,  that  shaft  may  receive  at 
the  same  time  two  independent  motions  of  rotation  about  its  axis 
and  tnuslation  along  its  axis  respectively,  from  two  different  spur- 
wheels;  the  result  being  a  helical  motion;  and  this  is  one  of  the 
simplest  of  aggregate  combinations. 

IIL  Train-Aril — ^When  rotation  is  to  be  transmitted  from  a 
fixed  axis  to  a  shifting  axis,  or  from  one  shifting  axis  to  another, 
and  the  relative  motion  of  the  two  axes  is  such  that  their  distance 
apart,  and  the  angle  which  their  directions  make  with  each  other, 
do  not  change, — ^in  other  words,  when  one  of  the  two  axes  revolves 
round  the  other  as  if  it  were  carried  by  a  rotating  arm, — the  con- 
nection between  those  axes  may  be  kept  up  by  means  of  one  rigid 
frame,  which  carries  any  combination  or  train  of  mechanism  suitable 
for  transmitting  rotation  from  the  one  axis  to  the  other :  such  a 
frame  is  called  a  train-arm. 

The  general  principles  of  the  velocity-ratios  which  are  communi- 
cated by  means  of  train-arms  will  be  stated  further  on;  but  at 
present  one  particular  case  requires  special  mention, — it  is  that  in 
which  the  train  carried  by  the  arm  is  such  that  the  two  axes  con- 
nected by  it  are  parallel,  and  the  angular  velocities  of  the  pieces 
which  turn  about  them  equal  and  in  the  same  direction.  In  Eg, 
1 69  the  plane  of  projection  is  supposed  to  be  normal  to  the  two 
axes  to  be  connected;  A  and  B  the  traces  of  „ 

those  two  axes,  and  A  B  their  common  per- 
pendicular. A  moveable  frame  or  train-arm 
connects  the  bearings  of  the  axes  with  each 
other,  so  that  the  distance  A  B  is  invariable ; 
and  that  frame  carries  a  train  of  mechanism  "''--«  / 

snch  as  to  transmit  the  angular  velocity  of  '"***-*k 

the  piece  which  turns  about  A  unchanged  in  ^„  iq^^ 

velocity  and  direction  to  the  piece  which 
turns  about  B.  For  example,  those  pieces  may  ha/e  pairs  of 
parallel  and  equal  cranks  linked  together  by  coupling-rods;  or 
they  may  be  equal  and  similar  pulleys  connected  by  a  band;  or 
equal  and  similar  toothed  wheels,  with  an  intermediate  wheel 
gearing  with  both.     The  result  is,  that  while  the  train-arm  turns 
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into  any  other  pomtioD,  Buch  as  A  6,  the  angular  velocitieB  of  the 
pieoes  which  rotate  abont  the  axes  A  and  B  respectiyelj  oontinae 
to  be  equal  in  magnitude  and  identical  in  direction. 

TV,  When  rotation  is  to  be  transmitted  between  a  pair  of  axes 
whose  common  perpendicular  alters  in  length  as  well  as  in  direo- 
tion,  a  Compound  Train-arm  may  be  used,  conidsting  of  two  or 
more  train-arms  jointed  together  at  intermediate  axes.  For 
example,  in  fig.  170,  A  and  C  are  the  traces  of  two  such  axea     B 

is  the  trace  of  an  intermediate  axis, 
--^^  connected  by  means  of  two  train-arms 

_  *"x  with   A  and  with  C  respectively,  so 

that  the  distances  A  B  and  B  C  are 

y^  invariable;  while  A  B  can  be  turned 

,''''         into  any  angular  position   about   A, 

y'^  such  as  A  6,  and  B  C  into  any  angular 

position  about  B,  such  as  6  e.     Then 

the  relative  )X)sition  of  A  and  C  can 

be  altered  either  in  direction   or  in 

PI     J7Q  distance,  so  long  as  their  distance  apart 

does  not  exceed  A  B  +  B  C;  and  the 
transmission  of  motion  will  still  be  kept  up  by  means  of  the  traina 
that  are  carried  by  the  train -arma 

y.  When  motion  is  transmitted  between  two  axes  by  means  of 
a  band,  the  connection  may  be  maintained  during  changes  of  the 
relative  position  of  those  axes  by  means  of  Straining  Pulueb  and 
Guiding  Pullies  so  arranged  as  to  keep  the  band  tight 

229.   Hellb««a  •r  TnaUss   PmM«hm  wrm^eOm^  AggiiifHi   <1ot»* 

fciaart— ■  -The  methods  by  which  problems  respecting  aggre> 
gate  combinations  are  solved  may  be  distingniBhed  into  two 
classes. 

I.  In  one  class  a  piece  which  may  be  regarded  as  a  train-arm, 
or  moving  frame  (and  which  may  be  designated  by  B),  has  a  given 
motion  relatively  to  the  fixed  frame.  A,  of  the  machine;  and  at 
the  same  time  a  secondary  moving  piece,  C,  has  a  given  motion 
relatively  to  B.  The  resultant  of  those  two  given  motions  is  the 
motion  of  C  relatively  to  A;  and  the  general  rules  for  finding  it  in 
various  cases  have  been  stated  in  Articles  73  to  77,  pages  52  to  56, 
and  Articles  81  to  86,  pages  66  to  74. 

II.  In  the  other  class  of  methods  the  motions  of  three  points  in 
a  secondary  piece  that  is  free  to  move  in  all  directions,  or,  more 
frequently,  the  motions  of  two  points  in  a  secondary  piece  that  ia 
guided  so  as  to  move  in  one  plane,  or  about  one  fixed  pointy  are 
given ;  and  the  motion  of  the  piece  as  a  whole  is  to  be  dednoed 
from  them.  The  general  rules  for  doing  this  have  been  given 
in  Articles  69  to  71,  pages  A5  to  51. 

There  is  no  difference  in  principle  between  the  kinds  of  problems 
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that  are  treated  by  those  two  claaaes  of  methods  respectively;  the 
choice  of  methods  is  a  matter  of  oonvemence  OD]y« 

230.  Aggngiiie  C*BiMB«tl*H«  chuMd  accwndias  !•  their  Bmrpmmem 
^AcgicgBtc  TctociiiM— AggicgBto  PatlMh — The  classification  of  aggre- 
gate combinations  which  will  be  ado])ted  throughout  the  rest  of 
this  Chapter  is  that  of  Mr.  Willis,  and  is  founded  on  the  purposes 
which  the  combinations  are  designed  to  effect  Those  purposes 
are  distinguished  into  (I.)  (aggregate  vdocitieSy  and  (II.)  aggregaie 
paths. 

I.  When  an  (tggregaie  velocik/  is  the  object  aimed  at,  the  final 
piece  of  the  train  is  usually  a  piimary  piece,  whose  comparative 
velocity,  by  the  help  of  an  aggregate  combination,  is  made  either 
to  have  a  certain  constant  value  or  to  vary  according  to  a  law 
which  it  might  be  difficult  or  impossible  to  realize  by  means  of  a 
train  of  elementary  combinations  only. 

II.  When  an  aggregate  path  is  the  object  aimed  at,  a  point  in  a 
secondary  piece  is  made,  by  means  of  an  segregate  combination,  to 
move  in  a  path  of  a  figure  which  may  be  different  from  that  which 
a  point  in  a  primary  piece  would  describe. 

The  only  paths  which  points  in  primary  pieces  can  describe  are 
straight  lines,  circles,  and  screw  lines;*  and  paths  of  all  other 
figures  must  be  described  by  the  help  of  aggregate  combinations. 
Sometimes,  indeed,  it  is  found  convenient  to  use  aggregate  com- 
binatioDS  for  describing,  either  exactly  or  approximately,  even 
those  elementary  paths  themselves — the  straight  line,  the  cii*cle, 
ap  I  the  screw-line.  For  example,  there  is  a  numerous  class  of 
aggregate  combinations  called  jiarallel  motions,  whose  object  is  to 
make  a  point  move  sensibly  in  a  straight  line. 

*  In  other  words,  paths  in  which  both  the  curvature  and  the  tortuosity 
are  either  none  or  unifoim.  The  curvature  of  a  path  is  the  reciprocal  of  the 
radius  of  curvature.  The  tortuosity  is  the  reciprocal  of  the  length,  measured 
along  the  path,  in  the  course  of  which  the  radius  of  curvature  rotates  round 
a  tangent  to  the  path  as  an  axis,  through  the  angle  which  subtends  an  arc 
equal  to  radiua  In  the  case  of  a  helix,  or  screw-hue,  let  r  be  the  radius  of 
the  cylinder  on  which  the  screw-line  is  described,  and  p  the  pitch  of  that 

line ;  let  9  =  ^  be  the  radius  of  a  circle  whose  circumference  is  equal  to 

the  pitch ;  let  0  be  the  obliquity  of  the  screw-line  to  a  plane  normal  to  its 
axis;  let  p  be  its  radius  of  curvature;  and  let  o  be  the  reciprocal  of  the 
turtuoeity.  Then  ^  a  r  tan  6;  and  according  to  Article  64,  page  41,  the 
ladiiiB  of  curvature  is 

i»  =  r  +  ^  =  rsec*0. 

^  r 

Also,  it  can  be  sho^na  that  the  reciprocal  of  the  tortuosity  Lb 

V  s  a  +  —  so  cosec  *B  s  2  r  cosec  20  =  p  ooian  a 
7 
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A  fuiiher  subdivision  of  the  purposes  of  aggregate  combinatioiis 
leads  to  the  following  classification : — 

AOOREGATB  YeLOCITIE& 

Production  of  Uniform  Velocity-Ratios  (as  in  Willis's  Class  A). 
Production  of  Varying  Velocity-Katios  (as  in  Willis's  Classes 
B  and  C> 

Aggregate  Paths. 

Description  of  Curved  Paths,  (Ellipses,  Epicycloids,  kc) 
Description  of  Sensibly  Straight  Paths  (Parallel  Motions). 

231.  c«BTcrgiBc  Aggregate  c^mbiMUtoBfl. — This  term   may  be 
applied  to  denote  those  trains  in  which  the  drivers  in  an  aggregate 

combination  are  themselves  the  followers  in 
aggregate  combinations.  By  means  of  trains 
of  that  kind,  any  number  of  component 
motions  may  be  combined.  Suppose,  for 
example,  that  a  piece.  A,  is  driven  jointly 
by  B  and  C,  and  that  B  is  driven  jointly 
by  D  and  E,  and  C  by  F  and  G;  then  the 
motion  of  A  is  the  resultant  of  four  com* 
ponent  motions,  due  respectively  to  the 
actions  of  D,  £,  F,  and  G. 

Section  II. — Production  of  Uniform 
Aggregate  VdocUy-RalioB, 
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232.  JDUTcreailml  Pallcf  wmA 
In  this  combination,  two  pulleys,  B  and  C 
(fig.  171),  of  different  radii,  rotate  as  one 
piece  about  a  fixed  axis,  A.  An  endless 
chain,  B  D  E  C  L  K  H,  passes  over  both 
pulleys.  The  rims  of  the  pulleys  are  shaped 
80  as  to  hold  the  chain,  and  prevent  it  from 
slipping.  The  lines  in  the  figure  represent 
the  pitch-lines  of  the  pulleys  and  the  centre 
line  of  the  chain  respectively.  As  to  the 
relation  between  those  lines  and  the  actual 
figures  of  the  pieces,  see  Articles  166,  176, 
pages  180,  190.  One  of  the  UghU  or  loops 
in  which  the  chain  hangs,  D  £,  passes  under 
and  supports  the  running  block  F.  The 
other  loop  or  bight,  H  K  L,  hangs  freely; 
and  very  often  the  combination  is  driven  fay 
hauling  upon  the  part  H  K ;  which  therefore 
may  be  called  the  hauling  part    It  is  evident 
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that  the  velocity  of  the  hauling  part  is  equal  to  that  of  tlie 
pitch -circle  B.  Sometimes  the  compound  pulley  is  driven  by 
other  means;  as  by  a  second  endless  chain  acting  on  a  sprocket- 
wheel. 

In  order  that  the  velocity-ratio  may  be  exactly  uniform,  the 
radius  of  the  sheave  F  should  be  an  exact  mean  between  the  radii 
of  B  and  C ;  but  it  is  not  necessary  to  follow  this  rule  strictly  in 
practice.  In  stating  the  velocity-ratio,  however,  it  will  be  assumed 
that  the  rule  has  been  observed. 

Let  the  velocities  of  the  pitch-circles  of  B  and  C  be  denoted  by 
B  and  C  respectively.  Then  the  proportion  of  those  velocities  to 
each  other  is 

C       AC 
B  "  AB 

Let  F  denote  the  velocity  of  the  running  block.  Then,  if  C  were 
a  fixed  point,  and  consequently  C  £  a  ''standing  part"  of  the  chain, 
the  value  of  F  would  be  ^  B,  and  the  direction  of  its  motion  would 
be  upward  (agreeably  to  the  principles  of  Article  201,  page  215). 
Also,  if  B  were  a  fixed  point,  and  B  D  a  standing  part,  the  value 
of  F  would  be  -  ^  C ;  the  negative  sign  being  used  to  denote  do¥ni- 
ward  motion.  The  actual  value  of  F  is  the  resultant  of  those  two 
components;  that  is  to  say, 

X,      B  -  C 
*  2      ' 

whence  wo  have  the  comparative  motion  of  the  larger  pitcb-cirde 
B,  and  the  running  block  F,  expressed  by  the  following  velocity- 
ratio: — 

F_ir         C\_AB^--A^ 

B""2  L        BJ  2AB     • 

The  velocity  of  the  running  block  is  the  same  with  that  of  the 

pitch-circle  of  a  pulley  of  the  radius  A  G  =  5 ,  turning 

with  the  same  angular  velocity  with  the  actual  difierential  or 
compound  pulley. 

To  calculate  the  length  of  chain  required  for  a  differential 
pulley,  take  the  following  sum:  half  the  circumference  of  A  + 
half  the  di^umference  of  B  -1-  half  the  circumference  of  F  + 
twice  the  greatest  distance  of  F  from  A  +  the  least  length  of 
the  loop  H  K  L.  This  last  quantity  is  fixed  according  "- 
cotivenienca 
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The  diffmniial  windUus  or  differeniial  barrd  (fig.  172)  is  identi- 
cal in  ptinoiplo  with  the  differential  pulley;  the  difference  in  con- 
struction being,  that  in  the  differential 
windlass  the  running  block  hangs  in  the 
bight  of  a  rope  whose  two  parts  are  wound 
round,  and  have  their  ends  respectively 
•.^^  made  fast  to,  two  barrels  of  different  radii, 
which  rotate  as  one  piece  about  the^azis 
A.  The  differential  windlass  is  little  used 
in  practice,  because  of  the  great  length  of 
rope  which  it  requires.  That  length  is 
expressed  by  the  following  sum : — ^Twioe 
the  least  distance  of  the  running  block 
from  A  +  half  circumference  of  running 

block  +  ^  X  total  distance  through  which 

F  is  lifted;  and  the  last  term  is  often  an 
inconveniently  great  quantity. 

{A.  M,,  605,) — ^A  compound  screw  oon- 


Fig.  172. 


2SS.  CM] 
sists  of  two  screws  cut  upon  the  same  spindle,  and  each  having 
a  nut  fitted  upon  it  The  screw  turns :  one  of  the  nuts  is  nsoally 
fixed,  so  that  the  screw  in  turning  in  that  nut  is  made  to  advance ; 
the  other  nut  slides,  but  does  not  turn ;  and  the  sliding  motion  of 
the  second  nut  relatively  to  the  first  nut  is  the  resultant  of  the 
advance  of  the  screw  relatively  to  the  first  nut,  and  of  a  motion 
equal  and  opposite  to  the  advance  of  the  screw  relatively  to  the 
second  nut;  that  is  to  say,  the  second  nut  moves  relatively  to  the 
first  nut  as  if  it  were  acted  upon  by  a  single  screw  of  a  pitch  equal 
to  the  diff&nnM  beUoem  the  pitches  of  the  two  screw-threads  that 
are  cut  on  the  spindle;  supposing  those  threads  to  wind  the  same 
way.  But  if  the  threads  are  contrary-handed,  for  the  difference 
of  their  pitches  is  to  be  substituted  the  eum. 

Fig.  173  represents  a  diffvtmdiaJL  screw :  that  is,  a  compound  screw 
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in  which  the  threads  wind  the  same  way.  N^  and  N|  are  the  two 
nuts;  B|  B|»  the  longer-pitched  thread;  S^  S^  the  ahorter-nitohed 
thread :  in  the  figure  both  those  threads  are  left-handed.  At  eadi 
torn  of  the  screw  the  nut  N|  advances  relatively  to  N^  iluongh  a 
distance  equal  to  the  difference  of  the  pitchea     The  use  of  the 
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differential  screw  is  to  oombine  the  slowness  of  advanoe  due  to  a  fine 
pitch  with  the  strength  of  thread  which  can  be  obtained  by  means 
of  a  coarse  pitch  only. 

Fig.  174  represents  a  componnd  screw  in  which  the  two  threads 
are  contrary-handed ;  and  the  effect  of  each  turn  of  the  screw  is  to 
alter  the  distance  between  the  nuts  N,  and  N^  by  an  amount 
equal  to  the  sum  of  the  pitches  of  the  threads,  which  are  usually 
equal  to  each  other.  This  combination  is  used  to  tighten  the 
couplings  of  railway  carriage& 

234.  BpicrcUc  TmIm  with  i7air«rai  ActiMk— An  epicyclic  train 
for  producing  an  uniform  aggregate  velocity-ratio  consists  essen- 
tially of  four  parts,  whose  general  arrangement  may  be  held  to  be 
represented  by  the  diagram  in  Fig.  175 — viz.,  the  primary  wheels 
B  and  C,  turning  about  the  same 
axis,  O,  with  different  uniform  velo- 
cities; the  train-arm  A,  being  a 
moveable  fmme,  turning  with  an 
uniform  velocity  about  the  same 
axis;  and  the  shifting  train  of 
secondaiy  pieces,  carried  by  the 
train-arm  A,  and  transmitting  an 
uniform  velocity-ratio  from  B  to 
C,  in  the  manner  of  an  ordinary 
train.      The   shifting   train    may  Fig.  175. 

consist  of  any  kind  of  mechanism 

belonging  to  Class  A;  such  as  circular  toothed  wheels,  whether 
spur,  bevel,  or  skew-bevel;  screw-gearing;  circular  pulleys  and 
bands;  links  with  equal  parallel  cranks;  and  double  universal  joints. 

The  comparative  motions  of  the  three  primary  pieces,  A,  B,  and 
C,  are  determined  in  the  following  manner  : — Let  a,  6,  and  c  re- 
present numbers  proportional  to  the  respective  angular  velocities  of 
those  pieces;  it  being  understood  that  rotations  in  one  direction 
are  to  be  considered  as  positive,  and  those  in  the  contrary  direction 
as  n^;ative. 

First,  suppose  that  B  is  fixed  relatively  to  A;  that  is  to  say, 
that  it  simply  turns  along  with  A,  having  the  same  angular 
velocity;  or,  in  symbols,  that  6  =  a;  then  it  is  evident  that  C  mus^ 
turn  along  with  A  also,  with  the  same  angular  velocity;  that  is  to 
say,  on  this  supposition,  we  have  c  ^  a. 

Next,  let  B  have  a  different  angular  velocity  from  A;  then 
b  -  a  will  represent  the  angular  velocity  of  B  relatively  to  A. 

Determine,  from  the  construction  of  the  shifting  train,  the  ratio 
of  the  velocity  of  C  to  that  of  B,  as  if  the  train-arm  A  were  fixed ; 
and  denote  that  ratio  by  n;  taking  care  to  mark  the  value  of  n  ap 
positive  or  negative,  according  as  the  rotations  of  B  and  0  are  i 
similar  or  contrary  directions     That  ratio  will  also  be  the  nA 


^ 
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which  the  angular  velocity  of  C  relatively  to  A  bears  to  the  angu- 
lar velocity  of  B  relatively  to  A,  when  the  train-arm  A  is  in 
motion ;  that  is  to  say,  in  symbols, 

637^="' (*•> 

and  this  is  the  general  equation  of  Hie  adion  of  an  epicydic 
train. 

Two  particular  cases  may  be  distinguished,  according  as  the 
wheel  C  or  the  train-arm  A  is  the  follower  in  the  combina- 
tion. 

Case  I. — The  wheel  B  and  the  train-arm  A  are  driven  by  means 
of  diverging  trains,  with  angular  velocities  proportional  to  given 
numbers,  h  and  a;  then  the  proportionate  angular  velocity  of  C  is 
given  by  the  following  formula : — 

c  =  n(6  —  a)  +  a  =  n6  +  (l—  n)  a (2.) 

Case  II. — ^The  primary  wheels  B  and  C  are  driven  by  means  of 
diverging  trains  with  angular  velocities  proportional  to  given 
numl^rs,  h  and  c;  then  the  proportionate  augular  velocity  of  the 
train-arm  a  is  given  by  the  following  formula : — 

c  —  n6  h  c 

a  s 


1-n       i_ll-  w (3.) 


n 


In  some  examples  of  both  cases  one  of  the  primary  wheels  is  Bxed. 
Let  B  be  that  wheel;  then  6  =  0;  and  we  have 

i  =  l-«- (4) 

One  of  the  uses  of  epicyclic  trains  is  to  obtain  with  precision 
velocity-ratios  in  toothed  wheel- work  which  are  expressed  by 
numbers  whose  &ctor8  are  too  lai^ge  to  be  suitable  for  the  teeth 

of  wheels.     For  example,  r  may  be  such  a  ratio ;  and  it  may  be 

possible  to  divide  -.  into  two  parts,  as  expressed  by  the  follow- 
ing formuk:— 

^=f.  +  (l-n)^; 

such  that  each  of  those  parts  is  expressed  by  numbers  whose  &ctoTS 
are  not  too  large;  and  then,  by  using  a  train-arm  with  the  velocity- 
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ratio  7,  and  a  shifting  train  with  the  velocitj-ratio  n,  the  required 

velocity-ratio  may  be  obtained  with  precision  by  means  of  wheels 
of  moderate  size.* 

Another  nse  of  epicyclic  trains  is  to  make  the  train-arm  move, 
for  purposes  of  regulation  (as  in  certain  governors),  with  a 
velocity  proportional  to  the  difference  between  the  velocities  of 
the  primary  wheels  B  and  C.  This  is  best  effected  by  causing  the 
primary  wheels  B  and  C  to  rotate  in  contrary  directions,  and  to 
connect  them  by  means  of  a  shifting  train  such  that,  when  the 
train-arm  is  at  rest,  the  angular  velocities  of  those  wheels  are 
equal  and  opposite.  This  amounts  to  making  n  =  —  1  in  equation 
3,  and  c  =  a  negative  quantity,  say  —  k;  and  then  the  expression 
for  the  angular  velocity  of  the  train-arm  becomes 

b'k 

2 

For  example,  in  Fig.  176,  O  is  a  vertical  spindle,  about  which  the 
equal  and  similar  bevel  wheels  B 
and  C  turn  in  opposite  directions. 
A  is  the  train-arm,  being  a  hori- 
zontal spindle  carried  by  a  collar 
which  turns  about  the  vertical 
spindle.  The  shifting  train  consists 
of  a  bevel  wheel  turning  about  the 
spindle  A,  and  gearing  with  the  ~^^  "\o'  1^ 
wheels  B  and  C.     In  oHer  to  pro-  ^    ^ 

duce  a  balance  of  forces,  two,  and  Fig.  176. 

sometimes  three  or  four,  equal  and 

similar  horizontal  spindles  like  A  project  from  the  collar,  and  carry 
equal  and  similar  bevel  wheels.  In  the  figure  two  are  shown.  The 
result  is,  that  when  the  wheels  B  and  C  turn  in  opposite  directions 
with  equal  speed,  the  train-arm  stands  still ;  but  when  the  velocities 
of  those  wheels  become  unequal,  the  train-arm  turns  in  the  direction 

*  The  eolation  of  this  problem  is  to  be  obtained  in  any  particular  case  by 
a  series  of  trials  conducted  generally  in  the  following  manner :— Let  n  be  an 

approximation  to  the  ratio  j ,  not  containing  facion  exceeding  what  is  con- 
sidered a  convenient  limit  (values  of  n  may  be  fonnd  by  the  method  of 
continued  fractions,  Article  117,  page  107).    Then  make  a  =  ^^  ^  ;  and 

try  whether  the  ratio  r  contains  inconvenientiy  laige  factors.    The  trial  is 

to  be  repeated  with  the  various  different  values  of  n.  until  a  satis&ctory 
result  is  arrived  at.  This  method  cannot  fail,  provided  it  is  e  only,  and  not 
6,  which  contains  inconveniently  large  fi^ctors. 
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of  the  greater  of  the  two  velocities,  with  a  speed  equal  to  half  their 
difference.  Other  applications  of  epicyclic  trains,  where  the  last 
follower  is  a  secondary  piece,  will  be  mentioned  under  the  head  of 
aggregate  path& 

SscnON  III. — Production  of  varying  Aggregate  VdoeUy-RtUios, 


235.  The  BeclpracailBg  Ba4lcM  Bertm  may  be  used  where  it  is 
desired  that  there  shall  be  periodic  fluctuations  in  the  ratio  of  the 
speed  of  the  follower  to  that  of  the  driver.  In  this  combination  a 
wheel  is  driven  by  a  rotating  screw,  as  in  fig.  112,  page  164,  which 
screw  has  at  the  same  time  a  reciprocating  motion  along  its  axis.  . 

236.  MpUjeUe  Tmiaa  wlih  P«ri«dic  Actt«ii  are  used  for  the  same 
purpose.  This  is  effected  by  communicating,  by  means  of  suitable 
mechanism,  such  as  a  cam,  or  a  crank  and  link,  the  required 
reciprocating  motion  to  the  train-arm  A,  fig.  175,  page  243.  The 
angular  velocity  of  the  follower,  C,  is  expressed,  as  in  Article  23  4, 
by 

c  =  n6  +  (l—  n)a; 

in  which  n  6  is  a  constant  term,  and  (1  —  n)  a  a  periodically 
varying  term ;  the  &ctor  1  —  n  being  constant,  and  the  factor  a 
periodic. 

236  A. — Tlie  ■■■-•■4-PIbbcc  BI«ti«B  is  a  sort  of  epicyclic  train 
with  periodic  action.      In  fig.  177,  C  is  a  shaft  which  overhangs 


Pig.  177. 

Its  bearing,  and  can-ies  on  its  overhanging  end  a  toothed  wheel,  C  B^ 
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called  the  aun-u^M,  This  gears  with  another  toothed  wheels  D  E, 
called  the  pUmet-whedy  which  is  made  fiist  to  the  connecting-rod 
D  B,  which  hangs  from  one  end  of  the  lever  or  walking-beam, 
A  B.  At  the  centre,  D,  of  the  wheel  D  E  is  a  pin  which  is  con- 
nected with  the  shaft  C  b j  a  link  or  bridle,  G  D  (shown  by 
dotted  lines);  so  that  it  revolves  roand  the  axis  of  C  like  a 
crank-pin,  making  one  revolution  for  each  double-stroke  of  the 
beam  A  B. 

In  the  first  place,  to  determine  the  fiwan  ratio  of  the  linear 
velocity  of  the  pin  D  to  that  of  the  pitch-circle  of  the  sun-wheel, 
0  E,  it  is  to  be  observed  that  the  latter  velocitj  is  at  every  instant 
equal  to  that  of  the  pitch-point  E  in  the  planet- wheel.  Now,  the 
motion  of  the  planet- wheel  is  one  of  translation  in  a  circle  along 
with  the  pin  D,  compounded  with  an  angular  oscillation  to  and  fro 
along  with  the  rod  D  B.  Hence  the  mean  linear  velocity  of  D  is 
equal  to  that  of  the  pitch-circle  of  0  K 

Secondly,  as  to  the  jnean  ratio  of  the  am/gvXwr  velocity  of  the  bridle 
C  D  to  that  of  the  sun- wheel  G  E,  it  is  obvious  that  as  the  mean 
linear  velocities  of  D,  and  of  the  pitch-circle  of  G  E,  are  equal,  their 
mean  angular  velocities  are  inversely  as  the  radii  G  E  and  G  D;  mr 
in  symbols — 

mean  angular  velocity  of  C  D  __  C  B 
mean  angular  velocity  of  G  £  ~  G  D' 

In  the  sun-and-planet  motion,  as  originally  contrived  and  con* 
structed  by  Watt,  the  sun-wheel  and  planet-wheel  were  made  of 
equal  radii;  so  that  G  D  was  =  2  G  E;  and  the  sun- wheel  made 
two  turns  for  each  revolution  of  the  plajiet- wheel  round  it. 

Thirdly,  as  to  the  ratio  of  the  linear  velocities  of  the  points  D 
and  E  at  any  instant ;  this  is  to  be  found  by  producing  D  G  till  it 
cuts  A  B  in  I,  which  will  be  the  instantaneous  axis  of  the  planet- 
wheel;  and  then  taking  the  proportion, 

velocity  of  D  _  I  D  ^ 
velocity  of  E  ""  IE' 

The  mean  valne  of  this  ratio  is  unity,  as  already  stated.  It  attains 
its  greatest  and  least  values  in  the  two  positions  of  the  combination 
when  B  D  and  G  D  are  in  one  straight  line,  so  that  I  coincides 
with  Bj  and  then  its  values  are  respectively 

BD  ,       BD 

and 


BD-DE         BD^.DB 

237.  BcMBitto  GcaHag.— This  is  a  combination  for  producing  a 
periodically  varying  velocity-ratio  by  means  of  a  tiain  of  circular 
wheels,  one  of  which  turns  eccentrically  about  an  axis.     It  is 
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nearly,  but  not  exactly,  equivalent  in  its  action  to  a  pair  of  elliptic 
toothed  wheels  (Article  100,  page  95).  In  fig.  178,  A  is  the  axis 
of  a  shaft,  which  carries  an  eccentric  circular  toothed  wheeL    '***-'- 


Fig.  178. 

gears  with  a  second  toothed  wheel,  centred  on  a  moveable  axis,  C, 
which  gears  with  a  third  toothed  wheel,  centred  on  a  fixed  axis,  I>. 
The  centres  of  the  three  wheels  are  linked  together  by  the  two 
train-arms  B  C,  C  D;  so  that  the  wheels  are  kept  always  in 
gearing,  while  the  centre  pin  B  revolves  round  the  axis  A.  Sap- 
pose  the  wheels  on  B  and  D  to  be  of  equal  size.  Then,  if  the  tndn- 
arms  were  fixed,  the  rotation  of  the  first  wheel  about  B  would 
produce  a  rotation  of  the  third  wheel  about  D,  with  equal  speed 
and  in  the  same  direction.  The  effect  of  the  revolving  of  B  about 
A  is  to  combine  that  rotation  of  D  with  an  alternate  increase  and 
diminution  of  speed,  corresponding  to  the  alternate  diminution  and 
increase  of  the  angle  BCD.  The  greatest  and  least  values  of  the 
velocity-ratio  take  place  when  the  line  of  connection,  C  B,  touches 
the  two  sides  of  the  circle  described  by  B  about  A;  that  is  to  say, 
when  that  line  is  in  the  two  positions  marked  C  B  I  and  C  J  K 
respectively.  Let  I  and  J  be  the  points  where  C  B  cuts  the  line 
of  centres,  D  A,  when  in  those  positions;  then  the  two  correspond- 
ing values  of  the  velocity-ratio  of  D  to  A  are  respectively 

,      AI       ,,       AJ 
l  +  j^^andl-.^j. 


238.  AsgK^aie  LlakwOTk  la  OcBcimL—A  combination  in  aggre- 
gate linkwovk  is  usually  of  the  following  kind : — ^A  bar,  or  other 
rigid  body,  capable  of  moving  parallel  to  a  given  plane,  has  two  of 
its  points  connected  by  means  of  rods  with  two  drivers: — ^A  third 
point  is  connected  by  means  of  a  rod  with  a  follower.     The  motions 
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of  the  first  two  points,  as  compared  with  those  of  their  drivers,  are 
determined  by  the  principles  of  elementary  combinations  in  link- 
work,  and  so  also  is  the  motion  of  the  follower,  as  compared  with 
that  of  the  third  point;  but  the  determination  of  the  motion  of  the 
third  point  from  that  of  the  first  two  is  a  problem  to  be  solved  by 
the  principles  of  the  motion  of  secondary  pieces.  Article  69,  pages 
45  to  48;  that  is,  by  the  process  of  finding  the  instantaneous  axis, 
or  by  some  equivalent  pixxsess. 

In  most  of  the  particuLir  cases  of  aggregate  velocities  obtained 
by  linkwork  which  occur  in  practice,  the  three  points  in  the  bar 
are  either  situated  in  one  straight  line  to  which  their  motions  are 
perpendicular,  or  are  so  nearly  in  that  position  that  their  com- 
parative motions,  as  determined  on  the  supposition  of  their  being 
in  it  exactly,  are  sufficiently  near  to  the  truth  for  practical 
purposes.     In  such  cases  let  A  and  B^  figs.  179  and  180^  be  the 


I 


I, 
< 


c 

I 


Fig.  179.  Fig  180. 

two  points  whose  velocities  at  a  given  instant  are  given,  and  C 
the  third  point.  Draw  A  a  and  B  6  perpendicular  to  A  B,  and  of 
lengths  proportional  to  the  given  velocities,  and  in  the  proper 
direction;  join  a  b;  draw  0  e  also  perpendicular  to  A  B,  cutting 
a  b  in  e;  C  c  will  represent  the  velocity  of  C.  The  following 
formula  is  the  symbolical  expression  of  the  same  rule,  in  which 
a,  b,  and  e  denote  the  velocities  of  A,  B,  and  C  respectively  :-* 

a-BC  +  60  A 
^  = AB 

The  formula,  as  it  stands,  is  applicable  to  the  case  in  which  0  lies 
between  A  and  B,  the  velocities  a,  6,  and  c  being  treated  as  posi- 
tive or  negative  according  to  their  directions.  When  C  lies 
beyond  B,  B  0  is  to  be  treated  as  negative,  and  C  A  as  positive ; 
when  beyond  A,  C  A  is  to  be  treated  as  negative,  and  B  C  as 
positive. 

The  velocity  of  C  may  be  regarded  as  the  resultant  of  two  com- 

a   B  C 
ponents,      .  ^  ,  which  would  be  its  velocity  if  B  were  fixed;  and 

ft  •  C  A 

— T-^i-f  which  would  be  its  velocity  if  A  were  fixed. 
A  B 

Trains  of  aggregate  linkwork  may  be  used  to  combine  any 
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number  of  component  motion&     For  example,  in  fig.  18I|  A,  B,  D, 
and  £  receive  motion  from  four  different  drivers :  C  has  a  motion 

whose  components  depend 
on  the  motions  of  A  and  B, 
and  F  a  motion  whose  oom- 


k t    ^  .  h 


J  r  ponents  depend  on  the  mo- 

^  •  ^  tions  of  D  and  E;  and  G  has 


a  motion  whose  components 
pi^^  jgl^  depend  on  the  motions  of 

C  and  Fy  and  therefore  on 
the  motions  of  A,  B,  D,  and  E,  jointly. 

239.  mtunmmmim  nmOmm  te  Acpracai*  I<takw<Mib— By  harmomc 
motion  is  to  be  understood  the  motion  of  a  point  which  moves  to 
and  fro  in  a  straight  line  in  such  a  manner  that  its  velocity  at  eveiy 
instant  is  equal  to  the  component,  parallel  to  that  straight  line,  of 
^another  point  which  revolves  uniformly  in  a  circle.  The  length  of 
the  straight  line  is  called  the  travd  of  the  reciprocating  point,  and  is 
equal  to  the  diameter  of  the  circle.  (As  to  the  component  velocities 
of  a  revolving  point,  see  Article  55,  pages  34,  35.) 

Harmonic  motion  is  exactly  realized  by  any  point  in  a  slot- 
headed  sliding  rod,  driven  by  an  uniformly  rotating  crank,  as 
explained  in  Article  159,  page  169.  The  angle  which  the  cmnk 
makes  with  its  dead  points  is  called,  in  mathematical  language,  the 
phaae  of  the  motion.  The  velocity  of  the  reciprocating  point  varies 
proportionally  to  the  tine  of  the  phase;  and  the  distance  of  that 
point  from  its  middle  position  varies  as  the  cosine  of  the  phase. 

Harmonic  motion  is  approximately  realized  by  any  point  in  a 
piece,  such  as  a  piston,  which  is  driven  by  means  of  a  connecting- 
rod  and  an  unifonnly  rotating  crank  The  extent  of  error  in  that 
approximation  may  be  expressed  either  in  the  form  of  greatest  error 
in  position  or  of  greatest  error  in  vdodty.  The  greatest  eiTor  in 
position  is  the  distance  of  the  reciprocating  point  from  the  middle 
of  its  travel,  when  the  crank  is  midway  between  its  dead  points  i 
and  when  the  line  of  stroke  passes  through  the  axis  of  the  cranky 
its  value  may  be  found  either  by  oonstinicting  a  figure,  or  by  the 
following  formula : — 

in  which  /  denotes  the  length  of  the  lino  of  connection,  and  e  that 
of  the  crank-arm.  The  comparative  error  in  position  is  the  imtio  of 
this  error  to  the  half-travel  c;  that  is  to  say. 


which,  when  I  is  many  times  greater  than  c,  is  nearly  «|aai  to 
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^Q.     The  greatest  error  in  velocity  is  the  proportionate  excess  of 

the  greatest  velocity  of  the  reciprocating  piece  above  that  of  the 
crank-pin,  as  found  by  the  rules  of  Article  188,  pages  199  to  201. 
When  I  is  not  less  than  2  c,  the  value  of  the  error  in  velocity  is 
given  approximately  by  the  expression 

or  2"^  nearly. 

When  the  line  of  stroke  does  uot  pass  through  the  axis  of  rota- 
tion of  the  crank,  there  are  other  eiTors  arising  from  the  two  dead 
points  not  being  diametrically  opposite.  Those  errors  may  be  found 
by  applying  the  rules  of  Article  196,  page  198. 

The  present  and  the  following  Article  relate  to  cases  in  which 
two  points  in  a  bar  receive  given  transverse  movements,  which  are 
either  exactly  harmonic,  or  so  nearly  so  that  they  may  be  treated 
as  harmonic  for  practical  purposes,  and  are  also  of  equal  period, 
and  have  a  given  constant  difference  of  phase;  and  it  is  required  to 
find  the  extent  of  travel  and  the  relative  phase  of  the  motion  of  a 
third  point,  situated  either  exactly  or  nearly  in  one  straight  line 
with  the  first  two. 

The  following  is  the  general  rule  for  the  solution  of  all 
such  cases.  Some  of  its  applications  will  be  given  in  the  next 
Article: — 

RuLS. — In  fig.  182  draw  the  straight  line  A  B  to  represent  the 
bar  in  question,  and  let  A  and  B  represent  the  points  whose  motions 
are  given,  and  C  the  point  whose  motion  is  to  be  found.  Perpen- 
dicular  to  A  B,  draw  A  a  to  represent  the  half-travel  of  A,  and  B  b 
to  represent  the  half-travel  of  B.  These  distances  may  be  laid  off  in 
both  directions,  so  that  a  a  shall  represent  the  whole  travel  of  A , 
and  b  b  that  of  B.  The  difference  of  phase  of  A  and  B  is  supposed 
to  be  given ;  that  is  to  say,  A  moves  as  if  driven  by  a  crank  A'  A* 
(  =  A  a),  and  B  as  if  driven  by  a  crank  F  B"  (  =  B  6),  which  cranks 
rotate  with  the  same  angular  velocity,  and  make  a  given  constant 
angle  with  each  other. 

At  A  and  B  lay  off  the  angles  B  A  D  =  A  B  D,  each  equal  to 
half  the  difference  of  phase ;  and  about  the  triangle  A  D  B  describe 
a  circle.  Join  a  6,  a  6,  and  through  the  point  of  intersection,  E, 
draw  the  straight  line  D  E,  cutting  the  circle  in  F.  Join  F  A, 
F  B;  then  the  angle  A  F  B  will  be  equal  to  the  given  difference  of 
phase.  layoff  Fa'  »  Aa,andF6'  »  B  6;  then  Fa' and  F&' will 
represent  the  two  cranks  which  actually  or  virtually  drive  A  and 
B^  in  their  angular  position  relatively  to  each  other.  Join  a'  b* ; 
this  will  be  parallel  to  A  B  (because  it  can  be  shown  by  plane 
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geomefciy  that  F  A.  B  and  F  a'  ft'  are  similar  triangles).     Finallyv 
diaw  the  straight  line  F  C,  cutting  a'  6'  in  </ ;  then  the  point  C 


Fig.  182. 

move  almost  exactly  as  if  it  were  driven  by  a  cnuik-arm,  C  C\ 
equal  in  length  to  F  (^^  and  having  the  angular  position  reUtively 
to  the  cranks  that  drive  A  and  B  which  F  <^  has  relatiyely  to  F  a' 
and  F  &';  that  is  to  say,  being  in  advance  of  the  crank  which  drives 
A  by  the  angle  a'  F  if,  and  behind  the  crank  which  drives  B  by 
the  angle  6'  F  C. 
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The  travel  of  C  may  be  represented  in  the  figure  by  drawing, 
perpendicnkr  to  A  B^  the  straight  line  cc  =  2Cc=s2Fc. 

When  the  extent  of  travel  of  A  and  B  is  the  same,  part  of  the 
trouble  of  the  oonstmction  is  saved;  for  the  point  E  is  found 
simply  by  laying  off  the  angles  B  A  F  :=  A  B  F,  each  equal  to 
half  the  supplement  of  the  difference  of  phase. 

The  construction  which  has  been  described  solves  the  problem 
by  drawing  alone.  Sometimes  it  may  be  convenient  to  use  calcu- 
lation combined  with  drawing;  and  then  the  whole  process  consists 
in  drawing  the  triangle  F  a'  h'  in  any  convenient  position,  with  its 
legs,  F  al  and  F  h\  equal  to  the  half-travel  of  the  points  A  and  B 
respectively,  and  its  angle,  a  F  h\  equal  to  the  difference  of  phase 
of  their  motions,  and  dividing,  by  calculation,  the  base  a'  h'  at  c'  in 
the  same  proportion  in  which  A  B  is  divided  at  C. 

240.  Uali«H«ctoBs  fer  simc-TaItm  belong  to  the  kind  of  com- 
binations mentioned  in  the  preceding  Article.  The  bar  which 
receives  harmonic  motion  is  called  the  link;  it  is  in  general  slightly 
curved,  and  only  sometimes  straight.  Two  points  in  it,  marked 
A  and  B  in  figs.  183  to  186,  receive  approximately-harmonic 
motions  from  two  eccentrics,  E  and  F,  on  the  engine-shaft,  O,  called 
respectively  the  forward  and  the  backward  eccentrics.  The  link 
carries  a  slider,  G.  That  slider  is  attached  to  the  head  of  the  slide- 
valve  spindle  either  directly  (as  shown  at  C  in  figs.  183,  184,  and 
185),  or  by  means  of  an  intermediate  rod,  0  X  (as  in  figs.  186, 
1 87).  The  slider  is  capable  of  being  adjusted  to  different  positions  in 
the  lihk,  either  by  shifting  the  link  (as  in  figs.  183,  184,  and 
185,  which  represent  Stephenson's  link-motion^  or  by  shifting  the 
slider  (as  in  fig.  186,  which  represents  Gooch's  link-motion),  or  by 
shifting  the  link  and  the  slider  at  the  same  time  in  opposite 
directions  (as  in  Allan's  link-motion,  represented  in  fig.  187).  In 
Stephenson's  link-motion  the  form  of  the  link  is  an  arc  of  a  circle, 
concave  towards  the  shaft,  and  of  a  radius  equal  to  the  length  of 
the  eccentric  rods  E  A,  F  B.  In  Gooch's  link-motion  the  figure 
of  the  link  is  an  arc  of  a  circle  described  about  the  head,  X,  of  the 
valve-spindla  In  Allan's  link-motion  the  link  is  straight,  and  the 
adjustment  of  the  proportions  of  the  mechanism  for  shifting  it  will 
be  described  presently.  In  each  case  the  object  is,  that  the  shifting 
of  the  position  of  the  slider,  G,  relatively  to  the  link,  A  B,  shall 
not  cause  any  sensible  alteration  of  the  middle  position  of  the 
slide-valve.  In  each  of  the  figures,  G  D  represents  the  crank  of 
the  engine  to  which  the  link-motion  belongs,  the  positions  of  the 
parts  being  those  which  they  take  when  that  crank  is  at  a  dead- 
point 

In  each  of  the  figures,  also,  the  eccentrics  are  represented  mmply 
by  points,  E^  F,  which  mark  the  centres  of  the  eccentric  discs. 
It  has  already  been  explained,  in  Article  195,  page  197,  that  an 
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eccentric  is  equivalent  to  a  crank  whose 
eccentricity;  that  is,  the  distance  from  the 
centre  of  figure  of  the  disc. 


coincides  with  the 
am  of  rotation  to  the 


Vig.  1S4. 


The  general  problem  in  questions  as  to  the  action  of  link-notions 
18  this:  the  dimensions  of  the  parts  bung  giv«n,  and  the  snglfli 
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made  by  the  eoeentric-arms  O  E,  O  F,  with  the  crank  O  D ;  also 
the  position  of  the  slider  C  in  the  link  A  Bj  to  find  the  length 
and  positions  of  what  may  be  called  the  single  virtucU  eeeeiUrio-<irm 
O  g;  that  is  to  say,  the  arm  of  a  single  eccentric,  which,  if  con- 
nected with  the  valve-spindle  by  a  rod  marked  ^  C  in  figs.  183 
and  184,  and  ^o  in  figs.  186  and  187,  would  produce,  approxi- 
fiuUdy^  the  same  motion  of  the  valve-spindle  that  the  actual 
mechanism  produces. 

The  solution  of  that  problem  consists  generally  of  two  steps; 
the  first  being  to  find  the  two  virtual  eccentric  arms,  O  «,  O/, 
which,  on  the  supposition  of  the  eccentric  rods,  E  A,  F  B,  being 
indefiinitely  long,  or  of  slotted  cross-heads  being  used  instead  of 
eccentric  rods,  would  be  equivalent  in  their  action  to  the  actual 
eccentrics  with  their  oblique  rods;  and  the  second  step  being  to 
find  the  single  virtual  eccentric  arm,  O  g,  whose  action  is  equivalent 
to  the  combined  action  of  those  two,  on  the  same  supposition  of  an 
indefinite  length  of  rod  or  a  slotted  cross-head  being  used. 

There  are  two  different  arrangements  of  the  eccentric  rods,  which 
are  said  to  be  crossed  or  open  according  as  they  cross  each  other  or 
not  when  the  crank  O  D  is  pointing  away  from  the  cylinder.  In 
figs.  183  and  186  the  rods  are  open;  in  figs.  184  and  187  they  are 
crossed.     The  two  following  rules  apply  to  either  arrangement :  -^ 

L  To  find  the  virtual  forwa/rd  and  backward  eccentric  arms. 
Through  A  and  B  draw  straight  lines  parallel  to  the  line  of  stroke, 
O  X,  of  the  valve-spindle,  and  mark  on  those  straight  lines  the 
ends  of  the  travel  of  the  points  A  and  B  respectively,  a\  a',  and 
b\  h\  These  points  are  to  be  found  by  Eule  1.  of  Article  186, 
page  198.  Biaect  a'  a!  in  a,  and  h'  V  in  6.  Join  O  a  and  O  6; 
these  straight  lines  will  pass  nearly^  though  not  exactly,  through 
the  dead-points  of  the  eccentrics  E  and  F  respectively.  Lay  off 
the  angles  X  O  «  »  a  O  E  and  X  O  /  =  6  O  F,  and  make 
O  e  ^  aid  and  0/  -hV,  Then  O  e  and  O  f  will  be  the  required 
virtual  forward  and  backward  eccentric  arms. 

II.  To  find  the  single  virtual  eccentric  arm.  Draw  the  straight 
line  «/,  and  in  it  take  the  point  g,  dividing  efin  the  same  pro- 
portion in  which  the  slider  0  divides  A  B.  0  ^  will  be  the 
required  virtual  single  eccentric  arm. 

The  preceding  rules  are  applicable  to  all  the  three  constructions 
of  link-motion.  But  for  each  particular  construction  there  are 
special  rules  by  which  the  process  may  be  simplified,  to  the  extent 
of  dispensing  with  the  whole  or  part  of  the  detailed  process,  except 
for  certain  principal  positions  of  the  slider  in  the  link. 

III.  In  GoocKs  Link-Motion  {%g,  186)  the  link  is  hung  or  attached 
to  a  fixed  pin  by  means  of  the  rod  L  J,  and  the  alteration  of  the 
position  of  the  slider  C  in  it  is  effected  by  shifting  a  lever  (not 
shown),  one  end  of  which  is  connected,  by  means  of  the  rod  N  M, 
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with  the  valve-rod  C  X.  The  result  is  that  the  virtual  forward 
and  backward  eccentric  arms  O  e  and  O  /  are  the  same  for  all 
positions  of  the  slider  in  the  link,  and  have  only  to  be  found  once 
for  alL  The  figure  shows  this  motion  with  open  eccentric^rods ; 
and  the  angle  e  0/  aEOF  —  a06;  but  it  is  also  made  with 
crossed  eccentric-rods,  and  then  the  angle  eO/  s=  EOF  +  a  Oh. 

IV.  In  Stepkenaoris  Lirik-MoHon  (fiss.  183,  184)  the  link  is 
attached  by  the  rod  J  L  to  the  end  of  a  lever  (not  shown);  and  bj 
shifting  that  lever  the  position  of  the  link  relatively  to  the  slider 
is  changed  when  required.  The  consequence  is  that  the  virtual 
eccentric  arms  O  e  and  O  /  are  different  in  length  ai^d  position*  for 
every  different  position  of  the  slider  in  the  link;  and  the  application 
of  the  general  Rules  I.  and  II.  to  a  variety  of  such  positions  becomes 
a  tedious  process.  The  time  and  labour,  however,  required  for 
that  process  are  to  a  great  extent  saved  by  using  the  following 
approximate  method,  which  is  sufficiently  accurate  for  practicia 
purposes : — ^When  the  link-motion  is  in  full  forward  gear — ^that  is, 
when  C  coincides  with  A — the  actual  forward  eccentric  arm  O  E  is 
itself  the  virtual  eccentric  arm.  When  the  link-motion  is  in  full 
backward  gear — that  is,  when  C  coincides  with  B — the  actual 
backward  eccentric  arm  O  F  is  itself  the  virtual  eccentric  arm. 
For  intermediate  positions  proceed  as  follows  (see  fig.  185) : — Draw 
the  link  A  B  in  that  position  in  which  the  straight  line  A  B  is 
parallel  to  the  straight  line  E  F,  and  let  H  1^  the  centre  of 
curvature  of  the  link  when  in  that  position;  its  radius,  H  A  s=  H  B, 
being  equal  to  the  length  of  each  of  the  eccentric-rods  E  A,  F  B. 
Then,  if  the  eccenlric^rvda  are  apeuy  draw  E  K  parallel  to  A  H,  and 
F  K  paraUel  to  B  H,  cutting  each  other  in  K ;  and  through  the 
three  points  E^  F,  K  describe  a  circle ;  the  arc  £  </  F  of  that  circle  will 
be  a  vezy  close  approximation  to  the  curve  that  contains  the  ends 
of  all  the  virtual  single  eccentric  radiL  For  a  given  position,  C,  of 
the  slider,  take  the  point  g,  dividing  the  arc  E  F  in  the  same  pro- 
portion in  which  C  divides  A  B;  and  O  g  will  be  the  required 
virtual  eccentric  radiua  1/  the  eccentric-rods  are  eroaeed,  draw  E  K' 
parallel  to  A'  H,  and  F  K'  parallel  to  B'  H,  cutting  each  other  in 
K' ;  and  through  the  three  points  E^  F,  K'  describe  a  circle.  The  arc 
£  ^  F  of  that  circle  will  be  a  very  close  approximation  to  the  curve 
containing  the  ends  of  all  the  virtual  single  eccentric  radii  In  this 
arc  take  the  point  ^,  dividing  it  in  the  same  proportion  in  which  C 
divides  the  link ;  and  O  g  will  be  the  required  virtual  eccentric  ra^us. 

V.  Allan's  Link'MoUon — Centre  of  the  Shifting-Lever, — ^In  Allan's 
link-motion  (fig.  187)  the  middle  point,  J,  of  the  link,  and  any 
convenient  point,  M,  in  the  valve-rod  C  X,  are  attached  by  rods 
to  the  two  ends  of  a  lever,  N  L,  which  turns  about  an  axis  at  P; 
and  the  position  of  the  slider  C  in  the  link  A  B  is  adjusted  by 
moving  the  handle  P  Q.      In  order  that  the  motion  may  work 
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draw  the  isofloeles  triangle  O  A  B^  in  wludi  A  B  is  the  lengtii  of 
the  link,  and  O  A  and  O  B  are  eadi  eqoal  to  the  length  <^  aa 
eccentiio  -  rod.      About  O 
draw  a  drcolar  arc  through 
A    and    B.       Bisect   the 
straight  line  A  B  in   J; 
join  O  J,  and  jirodQce  it^ 
uiaking  J  X  equal  to  the 
length    of   the   valve-rod; 
and  mark,  in    J  X,   the 
position  of  the  point  M  to 
which  the  rod  M  N  is  to  -•— 
be    attached.      About   X, 
with    the    radius    X    J, 
draw  a  circular  arc,   J  B', 
cutting    the    arc    through 
A  and  B  in  R.     Make 
B'  A'  >  B  A,  and  O  A'  - 
O  A;  join  B'  A',  and  bisect 
it  in  3\    Also  join  X  B^; 
and  in  it  take  X  M'  :=  X  M. 
Then  M  M'  and  J  J'  will 
l»e  the  distances  through 
which  M  and  J  are  respeo- 
tively  to  be  ahifted  in  oixler 
to  shift  the  slider  C  from 
mid-gear  to  full  gear — that 
is,  from  J  to  B,  or  to  A,  as 
the  case  may  be.     Draw 
the  straight  line  M'  J',  cut- 
ting M  J  in  R,  and  through 
R  draw  R  P  perpendicular  to  O  X;  then  the  axis  of  the  shifting 
lever  is  to  be  placed  at  a  convenient  point  in  the  line  R  P. 

VI.  AUan*t  Link-Motion — Virtual  Eccentric  Arm, — By  the  ap- 
plication of  the  general  Rules  L  and  II.,  find  the 
virtual  eccentric  arms  in  full  forward  gear,  O  0;  in 
full  backward  gear.  Of;  and  in  mid-gear,  O  g ;  and 
draw  them  in  a  diagram,  as  in  fig.  189.  Then 
through  the  points  e,  g,  and  /draw  a  circular  arc; 
this  will  be  approximately  the  curve  containing  the 
ends  of  all  the  virtual  eccentric  arms  for  different  poflitions  of 
the  slider;  and  it  is  to  be  used  like  the  corresponding  curve  for 
Stephenson's  link-motion.  If  the  rods  are  open,  this  arc  will  be 
concave  towards  0,  SBeg/;  if  crossed,  convex,  as  e  ^/  * 

*  On  the  subject  of  link-Mottoni,  see  Zeaii«r*s  ScftUberdeuerungen,  and 
MTarlaae  Qr«y*t  Otometry  0/ the  Slide-  Valr^. 


Fig.  188. 


Fig.  189. 


260 


OEOMETST  OF  KACHINERY. 


It  is  to  be  remarked  that  in  order  to  alow  diatiDctly  tha 
principles  of  the  conati-uction  of  the  figures  illustrating  thu  article, 
all  those  dimensions  which  give  rise  to  errois — that  is,  to  deviationa 
from  the  exact  law  of  harmonic  motioti — are  exa{[gerated;  such  as 
th«  lengths  of  the  link  A.  B,  and  of  the  eccentric-arms  0  E  and  0  F, 
as  compared  with  that  of  the  eccentric-rods  £  A  and  F  K  la 
ordinary  practice  the  link  is  from  one-third  to  one-fifth,  and  each 
of  the  eccentrio-arma  about  one-twentjfifth  of  the  length  of  an 
eccentric-rod;  and  the  effect  of  these  propor- 
-tions  is  to  make  the  deviation  of  the  resnltaat 
motion  of  the  slide-valve  from  true  harmonic 
motion  practicallj  inappreciable. 

241.    DIflerraliNi    HanNaalc    IHallcu. — TwO 

Erimaiy  pieces,  having  different  motions,  may 
B  regarded  as  constitutins  an  a^r^ate  com- 
bination wiUi  respect  to  the  motioD  of  one  of 
them  relatively  to  the  other;  because  that 
motion  is  the  resultant  of  two  components; 
for  example,  if  A  be  token  to  denote  the  frame, 
and  B  and  0  the  two  primary  pieces,  the  motion 
of  C  relatively  to  B  is  the  resultant  of  the 
motion  of  B  relatively  to  A,  and  of  a  motion 
equal  and  contrary  to  the  motion  of  B  relatively 
to  A.  Tfaia  principle  has  been  already  stated 
in  Article  43,  page  21  The  following  is  one 
of  its  most  frequent  applications : — In  fig.  190, 
let  b  and  c  be  two  piecea  which  have  approxi- 
mately harmonic  motions  in  parallel  directions 
and  of  equal  periodic  time,  but  differing  in 
phase,  given  to  them  respectively  by  two  cranks 
or  eccentric- arms,  A  B  and  A  C,  which  turn  as 
one  piece  with  the  same  angular  velocity  about 
axis  A,  the  angle  BAG  being  the  difference 
of  phase.  Then  the  motion  of  the  slide  e  re- 
latively to  the  slide  b  is  approximately  the  same 
with  that  which  would  be  produced  by  a  crank 

*,  or  eccentric-arm,  B  C,  turning  with  the  same 
\  angular  velocity;  that  is  to  say,  it  is  an  ap- 

I  >  proximately  hsimonic  motion  of  the  same 
;  periodic  time  with  the  two  elementary  motiona 

V\^_        y     j  of  B  and  C ;  its  half-tnvel  is  equal  to  B  0,  and 
,/'     its  phase  at  any  instant  is  that  cotresponding  to 

'■- ''         thedii-ectionotB  Cat  that  instant  Thtsiawbat 

F%.  190.  may  be  called  a  differential  harmonic  motion ; 

and  upon  such  motions  depends  the  action  of 
double  slide-valves  and  moveable  slide-valve  seata  in  steam  engines. 
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BEcnoN  IV, — Production  of  Curved  Aggregate  Paihe. 


242.  c^ircaiar  AggfpBf  Pathifc — Some  ciicalar  aggregate  paths 
are  traced  by  means  of  mechanical  oombinationsy  vhich  are  capable 
also  of  tracing  ellipses,  if  required;  and  these  will  be  described 
farther  oil  The  present  Article  relates  to  combinations  in  which 
circular  paths  alone  are  traced. 

Amongst  such  combinations  may  be  classed  the  coupling-rod 
shown  in  fig.  32,  Article  68,  page  44;  for  every  point  in  or  rigidly 
attached  to  that  rod  traces  a  circle  of  a  radius  equal  in  length  to 
the  crank-arms  by  which  the  rod  is  carried ;  and  the  same  takes 
place  in  every  case  in  which  a  secondary  piece  has  a  motion  of 
circular  translation  without  rotation.  For  example,  in  fig.  191,  A 
is  a  centre  pin,  carrying  a  fixed  spur-wheel — ^in  other  words,  a  spur- 
wheel  without  rotation.  About  the  axis  of  that  wheel  there  turns 
a  disc,  carrying  a  set  of  diverg- 
ing epicyclic  trains.  Each 
epicyclic  train  consists  of  a 
spur-wheel,  B,  gearing  with 
the  fixed  wheel  A,  and  an- 
other spur-wheel,  C,  gearing 
with  R  The  last  spur-wheel, 
C,  is  exactly  equal  in  radius 
and  in  number  of  teeth  to 
the  fixed  wheel  A;  and  the 
consequence  is,  that  each  of 
the  wheels  marked  C  has  an 
angular  velocity  equal  to  that 
of  A — that  is  to  say,  equal  to 
nothing :  in  other  words,  when 
the  disc  rotates,  the  wheels 
marked  C  have  a  motion  of 
circular  translation  without 

rotation.  Let  E  be  any  point  in  one  of  the  wheels  C ;  and  draw  A  D 
equal  and  parallel  to  C  E;  then  E  traces  a  circle  round  D,  exactly 
equal  to  the  drcle  which  the  centre  C  of  the  wheel  to  which  E 
belongs  traces  round  A  at  the  same  time.  This  combination  is  used 
in  spinning  wire  ropea  Each  of  the  wheels  C  carries  a  bobbin  from 
which  a  wire  or  a  strand  is  paid  out  as  the  spinning  goes  on;  and 
the  effect  of  the  absence  of  rotation  in  the  wheels  Gib,  that  the 
wires  or  strands  are  spun  together  without  being  twisted,  which 
would  overstrain  the  materiaL 

The  combination  shown  in  fig.  192  serves  to  guide  a  point  0 
along  an  arc,  B  C  A,  of  a  circle  of  a  radius  so  great  that  it  would 
be  inconvenient  to  guide  the  point  G  by  connecting  it  directly  with 


fig.  191. 
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the  centre  of  the  circle.  It  is  based  upon  this  well-known 
geometrical  principle: — Let  A  and  B  beany  two  fixed  points  in  the 
circular  arc  to  be  traced;  then  the  two  chords  C  A,  C  B  make 

with  each  other  a  constant  angle  at  G — ^viz., 
the  supplement  of  one-half  of  the  angle  which 
the  arc  A  B  subtends  at  the  centre  of  the 
circla  Two  rods  are  fastened  together  at  C, 
so  as  to  make  with  each  other  the  proper  con- 
stant angle ;  and  thej  are  guided  bj  passing 
through  sockets  at  A  and  B,  which  sockets  are 
free  to  turn  about  A  and  B  respectively,  bat 
not  to  move  otherwise.  Then,  when  the  rods 
are  made  to  slide  through  the  sockets,  the 
point  C  traces  the  required  circular  arc  The 
angle  made  by  the  rods  with  each  other  may 
be  made  adjustable  by  means  of  a  screw  or 
otherwise,  so  as  to  vary  the  curvature  of  the 
arc  when  required. 

243.  BritrMsh^uba  Patks. — An  epitrochoid  is 
the  curve  traced  by  a  point  in  or  rigidly  at- 
tached to  a  circle  which  rolls  either  inside  or 
outside  of  another  circle  (called  the  baa^-cirde) ; 
also,  if  two  circles  (as  the  pitch>circles  of  two 
spur-wheels)  turn  in  rolling  contact  with  each 
other  about  fixed  axes,  a  pomt  rigidly  attached 
to  one  of  those  circles  traces  an  epitrochoid 
npon  a  disc  rigidly  attached  to  the  other. 

When  the  tracing-point  ia  in  the  eUrcum- 
ferenoe  of  the  rolling-circle,  the  curve  traced 
becomes  that  particular  kind  of  epitrochoid 
that  is  called  an  epicyeloid.  The  properties 
of  this  curve  have  already  been  explained  in 
Article  78,  page  56,  with  a  view  to  its  adapta- 
tion to  the  figures  of  the  teeth  of  wheels. 

If  the  circumferences  of  the  rolling-circle  and 
of  the  base-circle  are  commensurable  with  each 
*\\  other,  the  epitrochoid  returns  into  itself,  and 
has  a  finite  number  of  lobes  or  coils — vi&,  the 
figi  192.  denominator  of  the  fraction  which,  being  in  its 

least  terms,  expresses  the  ratio  borne  by  the 
eiroamference  of  the  rolling-circle  to  that  of  the  base-circla  If 
those  circumferences  are  incommensurable,  the  epitrochoid  does 
not  return  into  itself,  so  that  the  number  of  its  lobes  or  coils  is 
indefinite. 

When  the  rolling-circle  rolls  outside  a  base-circle  of  equal-radius, 
the  epitrochoid  is  one-lobed,  and  is  called  a  cardioid. 
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the  rolling-circle  to  the  base-circle  is  -,  so  that  the  epitrochoids  aro 

three-lobed.  Each  figure  shows  an  external  and  an  internal  epitro- 
choid,  traced  by  rolling  the  rolling-circle  outside  and  inside  the 
base-circle  respectively.  The  centres  of  the  base-circles  are  marked 
A;  those  of  the  external  rolling-circles,  Bj  those  of  the  internal 
rolling- circles,  h;  and  the  tracing-points  of  the  external  and  in- 
ternal rolling-circles  are  marked  C  and  e  respectivelj. 

In  fig.  193  the  tracing-points  are  in  the  circumferences  of  the 
rolling-circles;  and  the  curves  traced  are  epicycloids,  distinguialied 
by  having  cuapa  at  the  points  where  the  tiacing-point  coincides 
with  the  base-circle.  In  fig.  194  the  tracing-points  are  inside  the 
rolling-circles;  and  the  curves  traced  are  prolats  epUroehcids, 
distinguished  by  their  wave-like  form.     In  fig.  195  the  tracing* 


fig.  195. 


X>oint8  are  outside  the  rolling-circles;  and  the  curves  traced  are 
curtate  epUroehoids,  distinguished  by  their  looped  form. 

An  important  property  of  curves  traced  by  rolling  has  already 
been  mentioned — viz.,  that  at  eveiy  instant  the  straight  line 
joining  the  tracing-point  and  the  pitch-pointy  or  point  of  contact  of 
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the  nlliDg'CUTTe  and  base-curve,  is  Donaa)  to  tlie  traced  curve  at 
the  tnunng-poiat. 

The  distance  B  Cot  be  may  in  each  case  be  called  the  Iraeing- 
arm. 

In  mechaniBm  for  the  tracing  of  epitrochoida  (used  chiefly  ia 
omameatftl  turning),  the  rolling  and  base-circles  are  the  pitch-circles 
of  a  pair  of  spui^vheels,  made  with  great  accuracy.  (See  page  290.) 

244.  Railed  pukB  ■■  OmcnL — An  inSnite  variety  of  carves 
may  be  traced  by  rolling  different  pairs  of  non-circular  curves  upoQ 
each  other.  In  practice  it  is  most  convenient  to  limit  this  proc^ 
to  pairs  of  non-circular  curves  which  are  capable  of  turning  in 
rolling  contact  about  fixed  parallel  axes;  that  is  to  say,  which  are 
suitable  for  the  pitch-lines  of  wheels,  according  to  the  principles 
explained  in  Article  107,  page  92.  Suppose  any  such  pair  of 
pitch-lines  to  turn  in  rolling  contact  with  each  other;  then  a  point 
rigidly  attached  to  one  of  them  (the  rolling-line)  will  trace  upon  a 
disc  rigidly  attached  to  the  other  (the  base-line)  a  third  curve;  at 
every  point  in  that  third  or  traced  curve  the  normal  will  be  the 
straight  line  traversing  the  tracing-point  and  the  pitoh-point>  or 
point  of  contact  of  the  rolling-line  and  base-line;* 


Iw  feQowiDg  mle  gi*ea  •»  approximate  method  of  detenuning  the 
n  of  a  roning-ciuTe  and  bue-cnm  tnitod  for  tnciiig  one  lob«  of  a  givan 
^  B  C,  aboat  a  g^TBD  pcde,  AfMofia.  IUa);  the  term  pole  baingnaadto 
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245. 

iotemal  epitrochoid& 
which  rolls  imide  a 


hj  wtmoum  form  a  particular  case  of 
In  fig.  196  is  represented  a  rolling-circle^ 
of  exactly  twice  its  ladiuB.    Then 


Fig.  196. 

denote  the  trice  of  the  azia  of  the  baee-wheel  apon  the  plane  of  the  given 
curve : — 
Let  A  B  and  A  C  be  the  greatest  and  least  diirtainoeii  of  the  given  carve 

from  the  pde.    Make  the  line  of  centres  A  D  »  A  £  = ^ ;  and 


the  tracing-ann  D  B  »  C  E  = 


AB  — AC 


With  the  line  of  centres  A  D 


as  radius,  draw  a  circle,  D  £ ;  this  will  be  the  path  of  the  axis  of  the  roUing* 

mtrvcb    Take  a  series  of  points,  F,,  F,,  Fg,  Ac,  in  the  carve  to  be  traoeS, 

from  each  of  them  lay  off,  to  the  drcnrnference  of  the  eirele,  D  ^  a 

^oe,  F  O,  equal  to  the  tractng-ann;   thoa  finding  a  oomspooding 
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(couHidering  a  quarter  of  a  revolution  at  a  time)^  while  the  centre 
of  the  lolling-circle  traces  a  quadrant,  B  6,  of  an  equal  circle  about 
A,  a  point  D  in  the  circumference  of  the  rolling-circle  traces  a 
straight  line  traversing  A,  and  a  point  0,  inside  the  rolling-circle, 
traces  a  quadrant,  C  c,  of  an  ellipse  whose  semiaxes  are  A  C  = 
AB  +  BC,andAc  =  CD  =  AB  -  BC;  also  a  poiut  C  outside 
the  rolling-circle,  but  rigidly  attached  to  it,  traces  a  quadrant,  C  c^, 
of  an  ellipse  whose  semiaxes  are  A  C  ■=  B  C  -h  A  B,  and  A  ^  = 
C  D  =  B  CT  —  A  B.  The  former  may  be  called  an  internal^  and  the 
latter  an  external,  ellipse.  The  proportions  of  the  axes  of  either  of 
them  may  be  indefinitely  varied  by  adjusting  the  position  of  the 
tracing- point;  but  in  every  internal  ellipse  the  sum,  and  in  every 
external  ellipse  the  difference,  of  the  semiaxes  is  equal  to  the 
diameter  of  the  rolling-circle— that  is,  to  the  radius  of  the  base-circle. 

This  is  the  principle  of  the  mechanism  commonly  used  for 
turning  ellipses.     (See  Addendum,  page  290.) 

It  is  evident  that  by  having  a  number  of  tracing-points  carried 
by  one  rolling-circle,  several  ellipses  differently  proportioned  and 
in  different  positions  may  be  traced  at  the  same  time. 

246.  A  Tff«BiBMi  is  a  substitute  for  a  pair  of  rolling- circles 
suited  for  tracing  ellipses;  but  it  is  less  used  in  mechanism  than  in 
drawing  instrumeuta  It  depends  on  the  following  principles : — 
That  every  point  in  the  circumference  of  the  rolling-circle  in  fig. 
19G  traces  a  straight  line  through  A;  and  that  consequently,  if 
two  points  in  a  rigid  body,  so  chosen  as  to  be  in  the  circumference 
of  one  circle  through  A,  be  so  guided  as  to  move  in  straight  lines 
traversing  A,  the  whole  body  will  move  as  if  it  were  carried  by 
that  circle,  rolling  inside  a  circle  of  twice  the  radiua 

In  6g,  197,  let  X  X  and  T  Y  be  the  centre  lines  of  two  straight 
grooves,  cutting  each  other  in  A ;  and  let  B  and  C  be  the  centres 
of  two  pins  which  slide  along  those  grooves  respectively  at  an 
invariable  distance,  B  C,  from  each  other.  Through  B,  perpendicular 
to  X  X,  and  through  C,  perpendicular  to  Y  Y,  draw  the  straight 
lines  B  G,  C  O,  cutting  each  other  in  G;  this  point  will  evidently 
be  the  trace  of  the  instarUaneoiu  cueia  of  a  rigid  body  attached  to  B 
and  C.     Join  A  O,  bisect  it  in  D,  and  about  D  draw  a  circle 


of  poiiita,  0„  fto.,  in  that  aurde.  (Two  only  of  thsM  points  are 
lettered,  to  provent  eanfiuioD.) 

Btaw  the  nulii  A  Q<,  &&  Then,  through  the  points  F,,  Ac.,  draw  a 
aeries  of  nonnali,  F|  H,,  Ac.,  enttinfl' their  corresponding  radii  in  a  series  of 
points,  Ht,  fto.    These  will  be  poin^ln  the  tHue-curve, 

To  ooDstroct  the  roUmg-eurve^  draw,  in  a  sepuate  diagram,  the  tracing- 
ann  a/s  Q  F;  draw  the  radii  g  A,  kc,  eqasl  to  the  corresponding  Un^ 
6}  H,,  Ac,  in  the  ori^al  diagram,  and  making  the  angles /17  Ai,  &c., 
equal  to  the  corresponding  angles  F^  Gi  Hj,  ftc.,  in  the  original  diagn^m; 
then  Aj,  ftc,  win  he  points  in  the  reqixirod  rolling-canre;  g  being  the  trace 
of  its  axis,  which  is  at  the  inyariable  distance  A  D  from  tha  axis  of  the 
baae-conre;  and/ the  traoing-poinii 


^tf  ^«?ri  B  C  5a  stiis  nrne  s  cci&fGiat.  mad  it  sabcendi  ai  ^^ 
cJrr:Ti3i5«rccce  ift«?  ccc2«isuis  aa^is  TAX  mod  B  6  C ;  Acre^^^ 
t^  i.^2i.-ix«fcvr  A  G  oc  Tsas  drrsie  is  cci:^Gas.t  ia  all  pwitinm  of  t^ 
ft32»  F  as*!  C  a»  i2siy  s[i*S?  alcn^  ^^  grocv«s:  thuifaii  tkeiew**^ 
f«wt;x-fn«  «*  ^<f  rx:<Qijr'aiaei:qB  cectre«  G«  arr  all  m  ooe  CBcfe  <^ 
9crt>M  aS.Hrt  A:  t^ferrfojce  ue  Kcora  of  a  ngid  bodj  attftcbed  to 
t>^  pt7i»  B  ar^l  0  s  t!i«  sae  as  if  it  vse  eamad  hf  tke  circie 
A  B  O  O  rkx'.r^  i:LKie  a  csrcae  «f  twSoe  tW  n£«s dnenbed  aboo^ 
Ak  lUtxv  1^^  F^HSit  D  ia  sqc&  a  ri^i^  bodr  tracea  a  ciide  aboa^ 
A ;  att4  a»T  \>«b«r  fvir:.  »ck  as  K.  tians  aa  dlipaa  viMae  semi- 
ax^  a«v  v^vvHiv^T  «q*^  toAD^DEaadAD-DK  Tbe 
Mmv^^t  U^^  O  K  »  at  evYcr  uastetti  a  ik  i  aial  to  Um  cDipae  imoed 

'    -.|iMi7tl^««<^^«n«»acl,i«i««Mledm%198;t]ie 


.w 


^^ 


grooves XX and TTue at i^i  ai^toaabk  <a)M';  a»i  ik^ 
moving  ijgid  bodj  is  a  skndgkt  rod,  B  C  F,  oKRMd  bj  ti(X>  ]MMa% 
B  aud  C,  which  are  ^aod  m  fafecks  that  slide  ak^s  th^s^x^x^ 


r^  :>* 


f^  t 
1.^ 


^m^ 


->  ^,-       f     \^     .  ^       ^     ^     .f  ^  •*.     '       s     ^,'  *      9 
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through  A  and  G.     That  circle  will  also  traverse  B  and  C,  becanae 
the  angles  ABO  and  A  C  G  are  right  angles.     Now,  the  length  of 


Fig.  197. 

the  chord  B  0  in  that  circle  is  constant,  and  it  subtends  at  the 
dicnmference  the  constant  angles  Y  A  X  and  B  G  0;  therefore 
the  diameter  A  G  of  that  circle  is  constant  in  all  positions  of  the 
pins  B  and  C  as  they  slide  along  the  grooves;  therefore  the  several 
positions  of  the  instantaneous  centre,  G,  are  aU  in  one  circle  de- 
scribed about  A;  therefore  the  motion  of  a  rigid  body  attached  to 
the  pins  B  and  C  is  the  same  as  if  it  were  carried  by  the  circle 
A  B  G  C  rolling  inside  a  circle  of  twice  the  radius  described  about 
A.  Hence  the  point  D  in  such  a  rigid  body  traces  a  circle  about 
A;  and  any  other  point,  such  as  E,  traces  an  ellipse  whose  semi- 
axes  are  respectively  equal  to  A  D  +  D  E  and  A  D  -  D  R  The 
straight  line  G  E  is  at  eveiy  instant  a  normal  to  the  eUipse  traced 
by  the  point  K 
In  the  ordinaiy  form  of  the  trammel,  represented  in  fig.  198^  the 
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grooYCB  X  X  and  T  Y  are  at  right  angles  to  each  other;  and  the 
molding  rigid  body  is  a  straight  rod,  B  C  F,  carried  bj  two  pins  a^ 
S  and  C,  which  are  fixed  in  blocks  that  slide  along  the  grooves. 


' — i ■ 


Fig.  198. 


The  tracing-point  is  moveable,  and  can  be  adjusted  to  any  required 

position  along  the  rod.     When  midway  between  B  and  0,  at  D,  it 

B  C 
traces  a  circle  of  the  radios  — ^ ;  when  at  any  other  intermediate 

pointy  snch  as  B,  it  traces  an  ellipse  whose  semiaxes  are  equal  re- 
spectively to  E  B  and  £  C;  and  if  the  rod  be  prolonged,  a  point  F 
in  the  prolongation  traces  an  ellipse  whose  semiaxes  are  equal  re- 
spectively to  F  B  and  F  0.  In  each  case  the  axes  of  the  ellipse 
coincide  with  the  centre  lines  of  the  grooves  X  X  and  T  T. 

When  the  trammel  is  oblique-angled  at  A,  the  positions  of  the 
axes  of  the  ellipse  described  by  a  given  tracing-point,  £  (fig.  197), 
are  found  as  follows : — Produce  £  D  till  it  cuts  the  virtual  rolling- 


270 


OEOMETRT  OF  MACHDnERT. 


circle  in  a;  join  B  a,  C  a;  then  E  a  B  and  E  a  C  will  be  eqnal  to 
the  angles  made  by  the  longer  axis  with  X  X  and  T  Y  respectively; 
and  the  shorter  axis  will  of  course  be  perpendicular  to  the  longer.  *^ 
247.  Feathering  Paddie-Whceb  exemplify  a  class  of  aggregate 
combinations  in  which  11  ok  work  is  the  means  of  producing  the 
aggregate  motion.  Each  of  the  paddles  is  supported  by  a  pair  of 
journals,  so  as  to  be  ca]>able  of  turning  about  a  moving  axis  parallel 
to  the  axis  of  the  paddle-wheel,  while  its  position  relatively  to 
that  moving  axis  is  regulated  by  means  of  a  lever  and  rod  con- 
necting it  with  another  fixed  axis.  Thus,  in  fig.  199^  A  is  the 
axis  of  the  paddle-wheel;  K  the  other  fixed  axis,  or  eccentric-axis; 
13,  E,  N,  C,  P,  M,  D  the  axis  of  a  paddle  at  various  points  of  its 


Fig.  199. 

revolatioii  round  the  axis  A  of  the  wheel;  BFyEH^NQ^OB^ 
P  8,  M  L,  D  G,  the  item-lever  of  the  jiadd^  in  vazioaa  pontioos; 
K  F,  K  H,  K  Q,  ^  ^  ^  S'  ^  ^  ^  ^1  ▼«riou8  pontions  of  ihm 
guide-rod  which  connects  the  stem-lever  with  the  ecoentrio-ascic 
When  the  end  of  the  paddle-shaft  averhanga^  and  has  no  ootaide 


*  Tlie  oUiqne-angled  tnuuiuel 
Ednmnd  Hiul 
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bearings  the  eeoen  trie-axis  may  be  oocnpied  bj  a  pin  fixed  to  the 
paddle-box  framiiig;  but  if  the  paddle-shaft  has  an  outside  as  well 
as  an  inside  bearing,  the  inner  ends  of  the  guide-rods  are  attached 
to  an  eeeerUric  coUar,  large  enough  to  contain  the  paddle-shaft  and 
its  bearing  within  it,  and  represented  bj  the  small  dotted  circle  that 
is  described  about  K.  One  of  the  rods,  called  the  diiving^odj  is 
rigidly  fixed  to  the  collar,  in  order  to  make  it  rotate  about  the  axis 
K ;  the  remainder  of  the  rods  are  jointed  to  the  collar  with  pins. 

The  object  of  the  combiDation  is  to  make  the  paddles,  so  long  as 
th^  are  immersed,  move  as  nearly  as  possible  edgewise  relatively 
to  the  water  in  the  paddle-race.  The  paddle-race  is  assumed  to  be 
a  uniform  current  moying  horizontally,  relatively  to  the  axis  A, 
with  a  velocity  equal  to  ^t  with  which  the  axes  B,  Jba,  of  the 
paddle-journals  revolve  round  A.  Let  £  be  the  position  of  a 
paddle-journal  axis  at  any  given  instant;  conceive  the  velocity  of 
the  poiat  E  in  its  revolution  round  A  to  be  resolved  into  two  com- 
ponents,— a  nonnal  component  perpendicular,  and  a  tangential  com- 
ponent parallel,  to  the  face  of  the  paddle.  Conceive  the  velodty  of 
the  partides  of  water  in  the  paddle-race  to  be  resolved  in  the  same  way. 
Then,  in  order  that  the  paddle  may  move  as  nearly  aa  posulble  edge- 
wise relatively  to  the  water,  the  normal  components  of  the  velocitiea 
of  the  journal  £  and  of  the  j>articles  of  water  should  be  identicaL 

Let  B  be  the  lowe^  point  of  the  circle  described  by  the  paddle- 
journal  axes;  that  is,  let  A  B  be  vertical  Draw  tl^  choni  E  R 
Then  it  is  evident  that  the  component  velocitiea  of  the  points  B 
and  £  along  £  B  are  identicaL  But  the  velocity  of  B  is  identical 
in  amount  and  direction  with  that  of  the  water  in  the  paddle-raoe. 
Therefore  the  face  of  a  paddle  at  £  should  be  nonnal  to  the  chord 
£  B,  or  as  nearly  so  as  possible  Another  way  of  stating  the  same 
principle  is  to  say  that  a  tangent^  E  C,  to  the  face  of  the  paddle 
should  pass  through  the  hdgiiesi  pointy  C,  of  the  circle  described  by 
the  ]iaddle-joumal  axes.  CAB  being  ^e  vertical  diameter  of  thi^ 
drda 

It  is  impossible  to  fulfil  this  condition  exactly  by  means  of  the  com- 
bination  shown  in  the  figure ;  but  it  is  fulfilled  with  an  approximation 
saffinifmt  for  practical  purposes,  so  long  as  the  paddlesare  in  the  wateiv 
by  means  of  the  following  construction : — Let  D  and  £  be  the  two 
points  where  the  circle  described  by  the  paddle-journals  cats  the  sur- 
face of  the  water.  From  the  uppermost  point,  C,  of  that  drde  dcaw 
the  sinight  lines  C  £,  C  D,  to  represent  tangents  to  the  faoe  of  a 
paddle  at  the  instant  when  its  journals  are  entering  and  leaving 
the  water.  Diaw  also  the  vertical  diameter  G  A  B,  to  Dspresent  a 
tangent  to  the  face  of  a  paddle  at  the  instant  when  it  is  most 
deeply  immeised.  Then  draw  the  stem-lever  projecting  from  the 
paddle  in  its  three  positions,  D  G,  B  F,  £  H.  In  the  figon,  that 
lever  is  drawn  at  right  angles  to  the  face  of  the  paddle;  bat  the 
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angle  at  which  it  is  placed  is  to  a  certain  extent  arbitrary,  though 
it  seldom  deviates  much  from  a  right  angle.     The  length  of  the 

stem-lever  is  a  matter  of  convenience :  it  is  usually  about  -=  of  the 

depth  of  the  face  of  a  paddle.  Then,  by  plane  geometiy,  find  the 
centre,  K,  of  the  circle  traversing  the  three  points,  G,  F,  and  H; 
K  will  mark  the  proper  position  for  the  eccentric-axis;  and  a  circle 
described  about  K,  with  the  radius  K  F,  will  traverse  all  the 
positions  of  the  joints  of  the  stem-levers. 

From  the  time  of  entering  to  the  time  of  leaving  the  water, 
paddles  fitted  with  this  feathering  gear  move  almost  exactly  as 
required  by  the  theory ;  but  their  motion  when  above  the  surfiice 
of  the  water  is  very  different,  as  the  figure  indicates. 

To  find  whether,  and  to  what  extent,  it  may  be  necessary  to  notch 
the  edges  of  the  paddles,  in  order  to  prevent  them  from  touching 
the  guide-rods,  produce  A  K  till  it  cuts  the  circle  O  F  H  in  L; 
from  the  point  L  lay  off  the  length,  L  M,  of  the  stem-lever  to  the 
circle  D  B  £>  and  draw  a  transverse  section  of  a  paddle  with  the 
axis  of  its  journals  at  M,  its  stem-lever  in  the  position  M  L,  and 
its  guide-rod  in  the  position  L  K.  This  will  show  the  position 
of  the  parts  when  the  guide-rod  approaches  most  closely  to  the 
paddle. 

Some  engineers  prefer  to  treat  the  paddle-race  as  undergoing  a 
gradual  acceleration  from  the  point  where  the  paddle  enters  Uie 
water  to  the  point  of  dee|)est  immersion.  The  following  is  the  con- 
sequent modification  in  the  process  of  designing  the  gear : — Let  the 
final  velocity  of  the  paddle-race  be,  as  before,  equal  to  that  of  the 
point  B  in  the  wheel,  and  let  the  initial  velocity  be  equal  to  that 
of  the  point  b,  at  the  end  of  a  shorter  vertical  radius,  A  6.  Let  D 
be  the  axis  of  a  paddle-journal  in  the  act  of  entering  the  water, 
and  E  the  same  axis  in  the  act  of  leaving  the  water.  Join  b  D 
and  BE;  draw  the  face  of  the  paddle  at  D  normal  to  D  &,  the 
face  of  the  paddle  at  B  vertical,  as  before,  and  the  fiice  of  the 
paddle  at  E  normal  to  E  B.  Then  draw  the  stem-lever  in  its  three 
positions,  making  a  convenient  constant  angle  with  the  paddle- 
fiioe ;  and  find  the  centre  of  a  circle  traversing  the  three  positions 
of  the  end  of  the  stem-lever;  that  centre  will,  as  before,  mark  the 
proper  position  for  the  eccentric-axia 

248.   SplicHcsl  Briir«cli*Mal  PailM—Z-Cnink. — A  point  rigidly 

attached  to  a  cone  which  rolls  on  another  cone  describes  a  ipharieal 
epUrodundf  situated  in  a  spherical  surface  whose  centre  is  at  the 
common  apex  of  the  two  conea  This  sort  of  aggregate  motion  is 
illustrated  by  Mr.  Edmund  Hunt's  Z-crank. 

In  fig.  200,  A  A  is  a  rotating  shaft,  carryinff  at  B,  B,  two  crank* 

arms,  which  project  in  opposite  directions,  and  are  connected  with 

ach  other  by  means  of  a  cylindrical  crank-pin,  B  R     The  shafl^ 


ennk-arms,  and  crank-pin,  are  all  rigidljr  fkstoaed  together;  and 
tfaef  rotate  as  one  piece  about  the  axis  A  A. 
The  cnnk'^  is  contained  trithia  a  hollow  t^lindrical  sleeve  or 


Fig.  SOO. 
tabe,  fitting  it  accoratel^,  bnt  not  tightly,  and  firce  to  rotate 
lelatJTely  to  the  pin,  about  the  axis  B  B,  but  not  to  shift  longi- 
tudinall;.  From  that  tube,  and  in  a  plane  normal  to  B  B,  and 
traversing  0,  the  intersection  of  B  B  and  A  A,  there  project  anjr 
required  nnmber  of  anna,  such  as  C  D,  C  B.  Thoao  arms  move  aa 
one  piece  with  the  tube;  and  each  of  them,  at  its  end  D,  is  con- 
nected, by  means  of  a  baJl-and-socket  joint,  with  a  link,  and  throngb 
the  link  with  a  piston-rod,  which  baa  a  reciprocating  sliding  move- 
ment parallel  to  A  A. 

The  lower  |iart  of  the  figure  shows  the  position  of  the  mecbantsm 
after  a  quarter  of  a  revolution  has  been  made  firom  the  position 
represented  in  the  upper  part  of  the  figure. 

The  motion  of  the  sleeve,  with  its  arms,  is  oomponnded  of  s 
rotation  about  the  fixed  axis  A  A,  and  of  a  rotation  with  equal 
speed  in  the  contrary  direction  about  the  revolving  axis  B  B. 

Therefore,  in  the  plane  of  thoee  axes  at  any  instant  draw  0  E, 
bisecting  the  obtuse  angle  B  C  A,  and  C  E  will  be  the  instantaneous 
axis  <k  Uie  sleeve  and  arms. 
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Draw  C  F,  making  the  angle  A  0  F  =  ACE;  and  C  G,  making 
the  angle  B  0  G  =  B  C  K  Then  E  C  F  will  be  the  trace  of  » 
fixed  cone,  having  A  C  A  for  its  axis;  and  E  C  G  will  be  the  trace 
of  a  rolling  cone,  having  B  C  B  for  its  axis;  and  the  motion  of  the 
sleeve  with  its  arms  will  be  the  same  as  if  it  were  rigidly  attached 
to  the  rolling  cone. 

Each  of  the  points  marked  D  describes  a  spherical  epitrochoid, 
shaped  like  a  long  and  slender  figure  of  8,  and  situated  in  the  surface 
of  a  sphere  of  the  radius  0  D,  whose  trace  in  the  figure  is  marked 
bj  a  dotted  circle.  The  trace  of  the  fixed  cone  on  that  sphere  is 
projected  in  the  figure  by  the  straight  line  £  F;  that  of  the  ix>lling 
cone,  in  the  upper  part  of  the  figure,  by  the  straight  line  E  G,  and 
in  the  lower  part  by  a  dotted  ellipse.  The  centre  of  the  base  of  the 
rolling  cone  is  marked  H  and  h  in  the  two  parts  of  the  figure 
respectively. 

SucnoH  Y. — Paralld  Motions. 

249.  Parallel  oi«ci*m  !■  GeacraL — ^A  paraUd  motion  is  a  com- 
bination of  turning  pieces  in  mechanism,  usually  links  and  levers, 
designed  to  guide  uie  motion  of  a  reciprocating  piece  either  exactly 
or  approximately  in  a  straight  line,  so  as  to  avoid  the  friction  which 
arises  from  the  use  of  straight  guides  for  that  purpose.  Its  most 
common  application  is  to  the  heads  of  piston-roos. 

Some  parallel  motions  are  exact;  that  is,  they  guide  the  piston- 
rod  head  or  other  reciprocating  piece  in  an  exact  straight  line;  but 
these  parallel  motions  cannot  always  be  conveniently  made  use  o£ 
Other  parallel  motions  are  only  approximate;  that  is,  the  path  of 
the  piece  which  they  guide  is  near  enough  to  a  straight  line  for  the 
practical  object  in  view;  and  these  are  the  most  frequent  They 
are  usually  designed  upon  the  principle,  that  the  two  extreme 
positions  and  the  middle  position  of  the  guided  point  shall  be 
exactly  in  one  straight  line;  care  being  taken,  at  the  same  time^ 
that  the  deviations  of  the  intermediate  parts  of  the  path  of  that 
point  from  that  straight  line  shall  be  as  small  as  possilue. 

There  are  purposes  for  which  no  merely  approximate  parallel 
motion  is  sufficiently  accurate;  such  as  the  guiding  of  the  tool  in 
a  planing  machine,  whose  motion  ought  to  be  absolutely  straight. 

250.  Exact  Parallel  JOiwUmmm, — ^When  a  wheel  rolls  round  inside 
a  ring  of  exactly  twice  its  radius,  any  point  in  the  pitch-drde  of 
the  wheel  traces  a  straight  line,  being  a  diameter  of  the  pitch- 
circle  of  the  ring  (Article  245,  page  2661  This  combination^  tiien, 
has  sometimes,  though  seldom,  been  used  as  an  exact  parallel  motion 
for  a  piston-rod;  the  head  of  the  piston-rod  being  jointed  to  a  pin 
at  the  pitch-circle  of  the  rolling  wheel,  and  the  crank  to  anotner 
{tin  at  the  centre  of  that  wheeL 
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Fig.  201. 


Fig.  201  represents  another  exact  parallel  motion,  first  proposedy 
it  is  believed,  by  Mr.  Soott  Russell. 

The  arm  C  D  turns  on  the  axis  C,  and  is  jointed  at  D  to  the 
middle  of  the  bar  A  D  B,  whose 
length  is  double  of  that  of  C  D,  and 
one  of  whose  ends,  B,  is  jointed  to  a 
slider,  sliding  in  straight  guides 
along  the  line  C  B.  Draw  B  £ 
perpendicular  to  C  B,  cutting  C  D 
produced  in  £;  then  £  is  tiie  in- 
stantaneous axis  of  the  bar  A  D  B; 
and  the  direction  of  motion  of  A  is 
at  every  instant  perpendicular  to  £ 
A;  that  is,  A  moves  along  the 
straight  line  A  C  a.  While  the 
stroke  of  A  is  A  C  a,  extending  to 
equal  distances  on  either  side  of  C,  and  equal  to  twice  the  chord  of 
the  arc  D  d,  the  stroke  of  B  is  only  equal  to  twice  the  deflection 
of  that  arc;  and  thus  A  is  guided  through  a  comparatively  long 
stroke  by  the  sliding  of  B  through  a  comparatively  short  stroke, 
and  by  rotatory  motions  at  the  joints  C,  D,  R  This  may  be  called 
the  grasshopper  parallel  motion. 

251.  Apprvzlawie  Gnuah*ppcr  Ponllcl  MmOmm. — ^The  point  B, 

instead  of  sliding  between  straight  guides,  may  be  carried  by  the 
end  of  a  lever  which,  in  its  middle  position,  is  parallel  to  a  C  A, 
and  which  is  so  long  that  the  deviation  of  the  arc  described  by  B 
from  a  straight  line  is  insensible.     (See  also  page  292.) 

252.  watfto  Panuici  ai»ti»M  ■  Ocagrmi  ]>e«cHpti*M. — The  general 
construction  of  the  ordinary  form  of  Watt's  approximate  parallel 
motion  is  shown  in  fig.  202.  A  c  is 
one  arm  of  the  walking-beam  of  the 
engine,  turning  about  an  axis  at  the 
main-eenire  e.  A  B  is  the  main- 
link,  connecting  the  end  A  of  the 
beam  with  the  piston-rod  BD.  T^ 
is  the  baek4tnkf  equal  and  parallel 
to  the  main-link;  and  B  T  is  the 
paraUd-bar,  equal  and  parallel  to 
the  part  A  t  oC  the  walking-beam, 
and  completing  the  paraUdogram 
AfTB.  The  piston-rod  head,  B,  is 
to  be  goided  00  that  its  highest,  middle,  and  lowest  pomtions  shall  be 
in  one  straight  line;  and  this  is  effected  by  guiding  in  the  same 
maimer  the  point  P,  where  the  straight  line  B  e  outs  the  baok-link. 
The  guiding  of  the  point  P  is  effected  by  means  of  the  radini'har,  or 

bridUy  0  T,  whidi  is  a  lever  l^hat  turns  about  an  axis  at  0,  and  is 
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jointed  at  T  to  the  back-link.  From  the  point  P  a  pump-rod  ii 
often  hung.  Some  variations  in  detail  will  be  expLained  further 
on.  The  links,  bridle,  and  parallel-bar  nsuallj  consist  each  of  « 
pair  of  equal  and  similar  pieces,  connected  respectively  with  the 
two  sides  of  the  piston-rod  head. 

Fig.  203  shows  on  a  lai^r  scale  the  principle  according  to 
which  the  point  P  is  guided.  S«  is  the  line  of  stroke  of  that 
point;  P]^,  Pj,  and  P^,  its  upper,  middle,  and  lower  positions. 
T  P  4  (shown  in  three  positions,  numbered  1^  2,  and  3  respective]/) 
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is  the  link;  CT  and  c^  the  two  levers  wliich  guide  that  linky 
each  shown  in  three  positions.  In  designing  a  paiallel  motion 
the  principal  problem  is  to  adjust  the  relative  positions  and  pro- 

?)rtions  of  the  levers  and  link,  so  that  the  three  points  P«,  P,,  and 
3  shall  lie  in  the  straight  line  S  s.  There  are  also  subordinate 
problems,  of  which  the  first  has  for  its  object  to  make  the  devia* 
tions  of  the  point  P  from  the  straight  line  of  stroke,  in  positionB 
intermediate  between  P^,  P^,  and  P3,  as  small  as  possible.  It  will 
be  shown  further  on  that  tliose  deviations  arise  from  the  varying 
obliquity  of  the  link  T  ^  to  the  line  of  stroke  8s;  therefore  each 
lever  should  be  so  placed  relatively  to  the  link  that  the  ffreateat 
obliquity  of  the  link  shall  be  as  small  as  possible;  and  for  that 
purpose  the  link,  in  its  positions  of  greatest  obliquity  to  the  right 
and  left  of  the  line  of  stroke  respectively,  should  make  equal  anglet 
at  opposite  sides  of  that  line ;  which  condition  is  to  be  fulfilled  by 
making  the  middle  position  of  each  lever  perpendicular  to  the 
line  of  stroke,  and  making  that  line  bisect,  in  the  points  M  and  fl^ 
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the  deflectioDS  T^V  and  i^vof  the  arcs  described  by  the  points 
T  and  I  respectively.  This  adjustment  is  to  be  made  for  the  beam 
and  link  before  proceeding  to  design  the  parallel  motion  strictly 
80  called ;  that  is,  the  position  and  dimensions  of  the  bridle  rela- 
tively  to  the  beam  and  link. 

Another  subordinate  problem  is  to  design  the  parallelogram, 
when  a  second  pointy  such  as  B  in  fig.  202,  is  to  be  guided. 

253.   WalTB  PanilM  M^Cton— Bales  fme  DcalgMlac. — L   Given  (in 

fig.^  204)  the  line  of  stroke,  G  D,  of  a  piston-rod,  the  middle  position 

of  its  head,  B,  and  the  centre,  A,  of  a  walking-beam  or  lever,  which« 

in  its  middle  position,  A  D,  is 

perpendicular  to  G  D :  to  find 

the  radius  of  the  lever,  so  that 

the  link  connecting  it  with  B 

ahall  deviate  equally  to  the 

two  sides  of  G  I)  during  the 

motion;  also,  the  lengUi  of 

the  link. 

Make  D  E  =  ^  stroke;  join 

A  E;  and  perpendicular  to  it 
draw  E  F,  cutting  A  D  pro- 
duced in  F;  A  F  will  be  the 
required  radius.  Join  F  B; 
this  will  be  the  link. 

IL  Given  the  data  and 
results  of  Rule  L ;  also  the 
pointy  G,  where  the  middle 
pontion  of  a  bridle  or  second  Fi^  204. 

iever,connected  with  Uie  same 

link,  cuts  G  D :  to  find  the  second  lever,  so  that  the  two  extreme 
positions  of  B  shall  lie  in  the  same  straight  line,  G  B  D,  with  the 
middle  position. 

Thxou^  G  draw  a  straight  line,  L  G  K,  perpendicular  to  G  D; 
produce  F  B  till  it  cuts  tbit  line  in  L;  this  point  will  be  one  end 
of  the  required  second  lever  at  mid-stroke,  and  F  L  will  be  the 
entire  link.  Then,  in  D  G  lay  off  D  H  rr  G  B;  join  A  H,  and 
produce  it  till  it  cuts  L  G  K  in  K;  this  will  be  the  centre  for  the 
■3Cond  lever* 

III.  (Hven  (in  fig.  205)  the  middle  positions,  A  C  and  B  E, 
(parallel  to  each  other)  and  the  extreme  positions,  A  D,  A  ly,  B  F, 
B  F,  of  two  levers  centred  at  A  and  B  respectively :  required  the 
radii  of  those  levers,  so  that  a  link  connecting  them  shul  deviate 
in  direction  by  equal  angles  alternately  to  the  two  sides  of  a  per- 
pendicular to  A  C  and  B  E 

From  B  let  fall  B  G  perpendicular  to  A  C  (produced  if  necep''     ^ 
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Draw  A  H  bisectiDg  the  angle  CAD.    Also,  at  the  point  Q,  lay  off 

the  angle  AGH  =  »EBF; 

and  let  G  H  cut  A  H  in  H. 
Draw  H  K  perpendicnlar  to 
H  A,  and  H  L  perpendknlar  to 
H  G,  cutting  A  G  in  K  and  L 
respectively.  In  B  E  lay  off 
^BM  =  GL.  JoinKM.  Then 
will  A  K  and  B  M  be  the  re- 
quired radii  of  the  levers,  and 
K  M  the  link  oonBeettng 
them. 

lY.  In  the  link  K  M,  found 
by  the  preceding  role,  to  find 
the  point  whose  middle  and  two 
extreme  positions  lie  in  one 
straight  line;  also  the  length 
of  stroke  of  that  pcnnt. 

Through  H  draw  P  H  N  per- 
pendieulw  to  A  K  and  B  M. 
The  required  length  of  stroke 
is  4  P  H.  The  required  point 
is  H,  where  P  H  N  cats  K  M ; 
but  as  the  acuteness  of  the 
angle  of  intersection  caoaeathis 
method  of  finding  B  to  be  want* 
^ff*  205.  ing  ia  precision^  it  is  betfeer  to 

proceed  as  follows : — ^Dcaw  the 
straight  Hne  A  B,  cutting  N  P 
inQ;  thenhkyoffPB=:iNQ: 
B  will  be  the  required  poinl 

Y.  Given  (in  fig.  206  or  in  fig^ 
206  a)  the  mam-tenin,  A^  the 
middle  position  of  the  aain- 
lever,  A  F,  the  piston-rod  head, 
B,  and  its  length  of  stroke; 
the  radius^  A  F,  of  the  lever, 
and  the  mainrliiikf  F  B^  having 
been  found  by  Bule  L  Let  the 
figure  represent  those  parts  at 
midpstroke;  and  lei  it  be  re- 
quired to  construct  a  parallel 
motion  consisting  of  a  pvallelo- 
grBm,G£DF(inwhichC£=> 
f%.  «0^  F  D  is caUed  the  paraUdhar, 
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and  D  £  =  F  C  the  hack-link),  and  a  radius-Ieyer,  or  bridle,  H  E, 
joinied  to  the  angle  E  of  the  parallelogram. 

Draw  the  straight  line  A  B,  cutting  the  back-link  D  E  in  O ; 
then  by  Rule  II.  find  the 

leyer  H  E,  such  that  the  ^ T ~S^ 

middle  and  extreme  posi- 
tions of  G  shall  lie  in  one 
straight  line. 

(The    point   G   shows 
where  a  pump-rod  may,  if 
convenient,  be  jointed  to  ®" 
the  back-link). 

Fig.  206  B  represents 
that  case  of  the  application 
of  this  rule  in  which  the 
points  B  and  C  coincide 
with  each  other;  and  it 
requires  no  separate  de- 
scription except  the  sub- 
stitution of  B  for  C  in  the 
Kule.  This  construction 
is  the  samewi^  that  which 
is  roughly  represented  in 
fig.  202. 

VL  Given  (in  fig.  207) 
the  main-centre.  A;  also 
the  main-lever  or  walking- 
beam,  A  F,  and  main-link, 
F  B,  found  by  Rule  I.  Let 
B  be  the  middle  position, 
and  C  and  CT  the  two  ex- 
treme positions,  of  the 
point  where  the  parallel- 
bar  is  jointed  to  the  main- 
link,  whether  at  the  piston- 
rod  head  or  at  some  other 

point  Let  A  G  and  A  G'  be  the  two  extreme  positions  of  the 
main-lever.  Let  H  be  a  convenient  point  in  the  straight  line,  B  H, 
parallel  to  F  A,  chosen  as  the  centre  for  the  bridle ;  and  let  H  J 
be  a  convenient  length  chosen  for  the  radins  of  ^at  lever;  J  being 
the  middle  position  of  the  point  where  it  is  jointed  to  the  parallel- 
bar. 

Required,  the  points  where  the  back-Hnk  ought  to  be  jointed  to 
the  main-lever,  A  F,  and  the  bridle,  H  J,  respectively. 

AboQt  H,  with  the  radins  H  J,  describe  a  circular  arc ;  then  take 
the  length,  B  J,  of  the  parallel-bar  in  the  compasses,  and  lay  ofT  the 


)L 


1 


B 


Fig.  306  B. 


280 


GBOXRKT  OP  MACBIVKBT. 


«me  length  firom  C  and  C  respectively  to  K  and  K'  in  that 
C  K  and  C  K'  will  be  the  extreme  positions  of  the  uumlieL 


-  -^  ^ 


I%.S07 

JoinHK^HK':  these  iriU  be  the  extreme  positions  of  the  bridle. 
Then,  bjRalelll,  find  the  end^  H  and  K,  of  the  back-link,  M  N, 
which  is  to  connect  the  bridle  with  the  main-lerer. 
The  two  extreme  positions  of  the  back-link  are  marked  P  Q. 

If  it  be  desired  to  joint  a  pamp-rod  to  the  back-link,  the  proper 
point  for  that  pnipose  majr  be  found  hy  Role  lY. 
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254.  Wmttm  PwrnUcl 

ing  rale  serves  to  determine 
the  extent  of  the  greatest 
deviation  of  the  guided  point 
in  Watt's  parallel  motion  from 
an  exactly  straight  path.  In 
£g.  208,letD  G  be  the  Une  of 
stroke;  A  F  and  E  L,  the  two 
levers;  F  L,  the  link;  and  B, 
the  guided  point;  the  moving 
parts  heing  in  their  middle 
positions  About  A  and  K 
respectively,  draw  the  circular 
arcs  F  /  and  L  /,  being  the 
paths  of  the  points  F  and  L, 
catting  the  Hne  of  stroke  in/ 
and  L  Take  the  length  F  L 
of  the  link  in  the  compasses; 
lay  it  of  from  one  of  those 
arcs  to  the  other,  by  trial,  or 
by  the  eye,  so  as  to  be  parallel 
to  D  G;  and  mark  its  ends,/' 
and  I, 

Draw  the  straight  line/  f, 
cutting  K  L  in  G ;  this  will  be 
the  position  of  the  link  when  its 
deviation  towardsE  is  greatest; 
and  G  G'  will  be  that  deviation. 
The  f^reatest  deviation  towards 
A  will  be  of  equal  extent^  and 
-wiU  take  place  when  the  levers 
make  nearly  equal  an^es  wiUi 
their  middle  position  in  the 
contraiy  direction.* 


•r  ]»cvtetiM.— The  follow- 


Fl^  208. 


*  To  cakulaJU  the  gretUut  devkUion  apnroximatelff,  let  the  ndii  A  F  and 
K  L  be  denoted  retpectively  by  a  and  J;  the  diatancce,  A  D  and  K  G,  of 
the  oentraa  from  the  line  of  atroke,  by  b  and  V;  tba  diatance  D  O  by  e;  the 
length  of  the  link  F  L  by  {;  and  the  greatest  deviation  O  G'  by  d    Also 


Then 


D/=v^7:::p-/;and 
Q I »  i^-y» «/ 

-'-.— ^.-eryneariy.. 


by 

7^7 


(1.) 


UMt  eoaltearAl  m  Mtipagt, 
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As  is  shown  in  the  note,  the  fraction  expressing  the  propor- 
tion borne  by  the  deviation  to  the  length  of  stroke  raries,  to  a 
rough  approximation,  inversely  as  the  length  of  the  link,  inversely 
as  the  cube  of  the  mean  of  the  lengths  of  the  levers,  and  direetly 
as  the  fourth  power  of  the  stroke ;  and  when  the  anguhir  stroke  ia 
42°,  and  the  link  about  equal  in  length  to  the  levers,  thai  fraction 
is  about  TA^th.  In  order  to  make  the  deviation  visible  in  the 
figure,  the  dimensions  which  tend  to  increase  it  are  much  ex- 
aggerated beyond  those  which  are  admissible  in  practice. 

The  roles  of  Article  253  give  the  following  values  for  some  of  tibe  data 
in  the  preceding  formula  in  terms  of  the  stroke  «:- 


a  ■■ 

=  '  +  166' 

o'  = 

-'•^ler 

'Vi'' 

+  fa'{'a^^ 

• -'•)■! 

=\/  '^ 

+  256U  + 

h)'\ 

—  (aearly)  c 

s*      /I 
■*■  512  c  \b 

4)' 

When  the  stroke  is  not  too  great,  compared  with  the  lengths  of  the  levera^ 
we  may  also  put 

/  nearly  =  /'  neariiy  =  j; 

whence  we  obtain  the  foUowine  approximate  foRnaU^  as  being  near  caongh 
to  the  truth  in  practice,  for  tne  proportion  home  by  the  greatest  doviafcioa 
to  the  length  of  stroke : — 

7  °^^y = 1636  ^i^- p.) 

For  examjple,  let  6  «  6'  s  e;  and  let «  =  5;  which  gives  an  aninihir  stroke 
of  about  56^;  then  * 

d  1 

-  neatly  =  ^^  =  0-00065. 

9 

Next,  let  6  =  6'  =  c;  and  let «  :»  'j  b;  which  gives  an  angular  stroke  of 
about  42°;  then 

i  "^«^ly  -  ^i^  -  »bout  0-0002. 

j.J^,?^^***  0/ J/(ra»  Curvature  of  the  path  of  the  guided  point  is  found  by 
the  followmg  formula : — 

e^  32  uf i^) 
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255,  Timctes  Appf  gJMBie  Circalw  Avca  by  the  Panllcl  HttUM. 

— ^An  intermediate  point  in  the  link  of  a  parallel  motion,  not 
coineiding  -with  the  point  whose  path  approximates  to  a  straight 
line,  mores  nearly  in  an  arc  of  a  circle;  and  this  fact  nmj  be  made 
uaeAil  in  the  approximate  tracing  of  arcs  of  long  ladiua.  The 
approfximation  is  not  sufficient  for  purposes  which  require  the 
utmost  precision,  such  as  cutting  the  dots  in  curved  links  for  slide- 
valve  gear;  but  where  less  predsion  is  necessary,  as  in  shaping 
barrel  staves,  it  might  prove  useful  The  following  are  rules 
i-elating  to  this  process : — 

I.  To  find  the  radius  of  a  circular  arc  traversing  the  extreme  and 
middle  positions  of  a  given  point  in  the  link  of  a  parallel  motion. 
In  fig.  209,  let  A  F  and  K  L  be  the  levers,  in  their  middle  position ; 
F  liy  the  link;  B,  the  point  which  is  guided  nearly  in  a  straight 


/       / 


y- 


o  ¥ 


Fig.  209. 


line;  D  G,  its  line  of  stroke;  /,  another  point  in  the  link.  Per- 
pendicukff  to  G  D,  dnw/d  a,  cutting  it  in  cL  In  D  G  nroduced, 
lay  off  G  A  =  B  J ;  join  h  K,  and  produce  it  till  it  cuts/ rf  a  in  a;. 
this  will  be  the  centre  of  the  circular  arc  traversing  the  middle  and 
extreme  positions  of  the  point/;  and  a/ will  be  the  radius  of  that 
arc 

IL  To  design  a  parallel  motion  which  shall  guide  a  point  ap> 
prozimateiy  along  a  given  circular  arc,  B  D  C,  fig.  210,  of  which  D 
is  the  middle  point  and  A  the  centre. 

Draw  the  strsii^  chord  B  C,  cutting  A  D  in  E;  bisect  the 
deflection  D  £  in  F;  throng^  F  draw  F  G  parallel  to  B  C  (and 
therefore  perpendicnlar  to  A  D).  Choose  any  convenient  position, 
I,  for  tlie  eeotre  of  moUoa  of  one  of  the  levers,  and  draw  I  G 
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paraUel  to  D  A.     Lay  off  O  H  =  |  E  B  ==  ^  B  C;  join  I  H;  and 

perpendicnlar  to  this  line  draw  H  K,  cutting  I  G  prodaoed  in  K; 
1  K  will  be  one  of  the  levers.  Join  K  D;  this  will  be  pari  of  ike 
link;  and  M,  where  K  D  cnts  F  G,  will  lie  the  point  in  the  link 
which  moves  nearly  in  a  straight  line;  but  that  point  is  foand  wilh 
more  precision  as  follows : — Join  I  A,  cutting  G  D  in  L,  mid  bj 
off  F  M  =  GL.     Pixxiace  K  M  D;  and  make  M  N  =  H  K;  then 


Fig.  210. 

draw  N  P  narallel  and  equal  to  I  K;  K  N  will  be 
N  P  the  other  lever,  centred  at  P. 

IIL  To  find  approximately  the  greatest  deviation 
Which  18  guided  nearly  in  a  circular  arc.  Find  by  « 
preceding  Article  the  greatest  deviation  of  the  pob^? 
'^-arly  ,„  a  straight  line.     The  greatest  de^Sj 
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point  in  the  link,  from  its  approximate  circular  path,  is  proportional 
Tery  nearly  to  the  product  of  the  lengths  of  the  segments  into  which 
it  diTidos  the  link.     For  example,  in  ^g.  209  ve  have 

greatest  deviation  of/      L/-/F 
greatest  deviation  of  B  ^  LTB  •  B  F'  "^^ ' 

1  •    r     oir.  greatest  deviation  of  D      K  D  •  D  N 
and  in  fig.  210,  ^^^est  deviatio^^FM  =  K  SFMN'  "^^•^^- 


256.  Brtcw**  Parallel  KatiaH. — ^This  might  also  be  called  the 
W  parallel  motion,  from  its  shape.  It  is  considered  to  be  a  con- 
▼enient  form  for  horizontal  engines.  Two  cases  of  this  combination 
are  shown  in  the  figures:  a  simpler  case  in  fig.  211 ;  a  more  com- 
plex case  in  ^g.  212. 

L  In  Fig.  211,  let  D  E  be  the  straight  line  of  stroke  which  the 
guided  point  is  to  follow  approximately,  and  A  the  middle  of 
that  line.  Draw  two 
isosceles  triangles, 
DBA,  ACE,  with 
equal  legs,  D  B  =  AB 
=  AC  =  CE.  The 
length  of  each  of  these 
legs  should  not  be  less 
thanDAx  0843;  but 
it  may  be  as  much 
greater  as  the  avail- 
able space  will  permit ; 
and  the  greater  it  is 
tlie  more  accurate  will 
be  the  motion.  Join 
B  C,  which  of  course 
is  =  D  A  =  A  K  Then  ABC  represents  a  rigid  triangular  frame^ 
of  which  the  apex  A  is  the  guided  point;  while  the  angles  of  the 
base,  B  and  C,  are  jointed  to  two  levers  or  bridles,  B  D,  C  E, 
which  turn  about  axes  at  D  and  E  respectively.  The  two  extreme 
positions  of  the  triangle  A  B  C  are  marked  respectively  D  B  C  and 
E  K  C,  the  points  B*  and  C  coinciding. 

The  reason  for  prescribing  that  the  length  of  each  leg  of  the 
triangles  shall  not  be  less  than  the  base  x  0*843  is,  that  this  pro* 
portion  between  these  lengths  makes  the  points  B',  (7,  and  E  lie  in 
one  straight  line,  and  the  points  C^  K,  and  D  in  another  straight 
line,  in  the  two  extreme  positions  of  the  combination  respectively. 

IL  The  second  arrangement^  fig.  212,  is  to  be  used  in  those 
cases  in  which  it  may  be  inconvenient  to  have  the  axes  of  motion 
D  and  E  of  the  bridle-levers  traversing  the  line  of  stroke.  Let 
A'  A  A*  be  the  line  of  stroke,  and  A  its  middle  point     Draw  an 


Fig.  211. 
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iflCMoeles  triangle,  A  B  C,  of  a  oonvenient  and  and  fignroy  with  its 
apex,  Ay  at  the  middle  point  of  the  stroke,  and  its  base,  B  C,  parallel 
to  the  line  of  strok&  Draw  the  same  triangle  in  its  two  extreme 
positions,  A'  B'  G'  and  A"  B*  C,  leaning  over  equally  in  opposite 


c<i. 


Fig.  212. 

directions;  the  sides  A'B'  and  A"  C  may  conveniently  be  made 
vertical ;  but  this  is  not  essential.  Find,  by  plane  geometry,  the 
centre  I)  of  a  circular  arc  traversing  the  three  points  B',  B,  B";  also 
the  centre  E  of  a  circular  arc  traversing  the  three  points  0',  G,  C*. 
D  B  and  E  C  will  be  the  two  bridle-levers,  and  D  and  £  the 
of  their  axes  of  motion. 


Addendum  to  Article  142,  Page  141. 


iHtcnBltfcnt  OcariHg — C^OBter-Whcds— Oracvm  Sc«p. — In  the  intON 

mittent  toothed  wheelwork  described  at  pages  139  to  141,  the  wheels  and  their 
teeth  are  so  designed  that,  daring  the  transmission  of  motioD,  the  veloaty- 
ratio  has  a  constant  value.  In  some  cases,  however,  it  is  not  necenMy  tliat 
the  veloeity-ratao  ahonld  be  constuit,  provided  onljr  that  the  fioUower  per- 
forms a  certain  part  of  a  revolation  for  each  revolntion  of  the  driver,  m  in 
mechanism  for  counting  revoluUona,  The  simplest  mechanism  of  that  sort 
consists  of  a  toothed  wheel  of  the  ratchet  form  (Article  194,  page  207,  f|g. 
145),  driven  by  a  wiper  or  single  tooth  (Article  164,  pa^e  175),  whidi  pco- 
jeets  from  a  rotating  cylinder,  and  has  its  lenfl;th  a^jiuted  so  that  the  arc  of 
contact  is  equal  to  uie  pitch  of  the  ratchet  wheel  This  requires  no  special 
explanation.  But  there  are  cases  in  which  the  abmptneBS  of  the  actum  of 
the  wiper  would  be  disadvantageous,  and  in  which  it  is  desirable^  in  order 
to  prevent  shocks,  that  the  follower  should  be  set  in  motion  and  stopped  br 
insensiDle  d^lippses. 

The  following  is  the  most  precise  method  of  dedgning  a  pair  of  wheek 
toniiiiff  about  parallel  axes^  m  which  the  follower  is  to  count  the  revohi- 
tiona  m  the  driver  by  turning  through  a  certain  iJiquot  part  of  a  rsvolution 
for  each  revolution  of  the  driver ;  the  action  being  absolutely  without  shook, 
and  capable  of  taking  plaoe  in  either  direction. 

In  fig.  IOOa,  let  a  B  be  the  line  of  centres,  A  the  trace  of  the  axis  of  the 
driver,  and  B  that  of  the  follower.    In  the  example  shown  in  the  figue^  the 
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figure  this  is  ft  regulmr  pentaffon.)  On  the  line  of  oentret  Uy  off  A  E  s  A  C 
s>  A  D;  ftnd  about  B,  with  tne  radius  B  £^  desciibe  a  circle ;  this  eirde  will 
cut  the  alternate  radiating  lines  in  a  set  of  points,  such  as  F,  which  wiD  be 
the  centres  of  the  semicircular  bottoms  of  a  set  of  notches  that  wfll  gear  in 
succession  with  a  pin  carried  h^  the  driver.  Having  assumed  a  oonveoient 
radius  for  that  pin,  draw  a  circle  to  represent  it  about  the  point  C  aa  a 
centre.  The  pin  will  be  carried  by  a  plate  or  arm  prmecting  from  the  axis 
A,  in  a  different  ]^ane  from  that  of  the  driven  wheeL  For  the  bottom  of  the 
notch  C  F  draw  about  F,  as  a  centre^  a  semicircle  of  a  radius  equal  to  that 
of  the  pin  C,  increased  by  an  allowance  sufficient  for  clearance ;  and  for  the 
two  sides  of  that  notch  draw  two  straight  lines  touching  that  semicircle, 
and  parallel  and  equal  to  F  C.  Draw  ul  the  other  notc&es  of  the  driven 
wheel  of  the  same  neure  and  dimensions. 

In  the  intervals  between  the  notches  the  rim  of  the  driven  wheel  ia  to 
consist  of  a  series  of  equal  hollow  circular  arcs,  described  respectively  about 
the  andes  of  the  polygon  with  a  radius  such  as  to  leave  a  thickneaa  of 
materi^  sufficient  tor  strength  and  durabilify  at  each  side  oi  each  of  the 
notches;  for  example,  the  arc  G  H  K  is  described  about  the  centre  A,  ao  as 
to  leave  a  sufficient  thickness  of  material  at  O  and  K. 

The  peripherv  of  the  driver  is  to  consist  of  a  cylindrical  snr&oe  extoidiB^ 
round  the  aecMorc,  H  K  M,  and  fitting  smoothly,  but  not  tightly,  into  eack 
of  the  hollows,  such  as  G  H  K,  in  the  rim  of  the  follower ;  and  of  a  hoDow, 
H  L  M,  of  a  depth  and  figure  such  as  to  clear  the  horns,  such  as  G  and  EL, 
of  the  notches  in  the  follower.  The  an£[ular  extent  of  that  hoUow,  HAM, 
is  to  be  equal  to  the  angle  GAD,  that  is,  to  the  supplement  of  C  B  D.  and 
is  to  lie  so  that  the  radius  A  G  shall  bisect  it 

The  effect  of  this  construction  is  as  follows : — ^While  the  uin  moves  thiwigfa 
the  arc  G  £  D,  the  follower  is  driven  through  the  angle  G  B  D ;  and  aa  £e 
pitch-point  evidently  moves  finom  A  to  E,  and  then  back  to  A  a^am,  the 
angular  velocity  of  the  follower  gradually  increases  from  nothing  to  a 
maximum,  and  then  gradually  diminishes  to  nothing  affain.  At  tlie  point  D 
the  pin  leaves  the  notch,  and  while  it  moves  throng  the  arc  DIG,  the 
follower  remains  at  rest,  and  is  kept  steadyby  the  dmd  arc,  M  K  B[,  fitting 
into  one  of  the  hollows  in  its  periphery.  When  the  pin  arrives  again  at  C\ 
it  enters  and  drives  a  second  notch,  and  so  on.  The  combination  evidently 
works  with  rotation  in  either  direction. 

The  Geneva  Stop  is  the  name  given  to  the  form  of  this  combination  that  is 
employed  when  the  object  is  tluit  the  follower  shall  stop  the  driver  after  i% 
has  turned  through  a  certain  number  of  revolutions  ana  fractions  of  a  revo- 
lution. For  that  purpose  one  of  the  notches  is  to  be  filled  up,  as  ahown  by 
the  dotted  semicircle  at  N,  so  as  to  leate  only  a  recess  fitting  the  pin  in  the 
position  G  or  D.  The  extent  of  rotation  to  which  the  driver  wiU  then  Im 
limited  is  expressed  by  as  many  revolutions  as  there  are  intervala  in  the 
circumference  of  the  follower,  lesa  the  angle  GAD;  and  as  the  an^  CAD 
is  the  supplement  of  G  B  D,  this  is  expressed  in  algebraical  symbob  as 
follows :  Let  n  be  the  number  of  intervals  in  the  oircumferenoa  of  the 
follower ;  then  the  driver  is  limited  to  the  following  number  of  turns : — 

2      n 

For  example,  in  the  figure,  we  have  n  =  5 ;  therefore,  if  one  of  tha 
is  stopped,  the  rotation  of  the  driver  wiU  be  limited  to 

5  -  ^  +  g  a  4*7  turns. 

^s  oontrivanoe  is  used  in  watches,  to  prevent  their  beinff  o 
Very  often  a  hammer-beaded  tooth  is  used  instead  of  the  cyU 
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Th]«  enables  the  horns  of  the  notches  to  be  shortened;  bnt  it  gives  more 
backlash,  and  less  precision  and  smoothness  of  action. 

Addendum  to  Article  154,  Page  161. 

Backs  iH  Screw  OcarlMK. — ^When  a  straight  rack  gears  with  a  screw, 
the  pitch-sarface  of  the  rack  is  a  plane,  toucning  the  pitch-cylinder  of  the 
screw.  The  traces  of  the  teeth  d  the  rack  on  its  pitch-plane  are  poralld 
straight  lines,  and  are  the  development  on  that  plane  of  the  traces  of  the 
threads  of  the  screw  upon  its  pitch-cylinder.  The  principal  role  to  be  used 
in  designing  a  rack  and  screw  is  a  modification  of  Knle  XL  of  Article  154, 
and  is  as  follows : — 

In  fig.  110  a,  let  the  plane  of  projection  be  the  pitch-plane  of  the  rack; 
and  let  A  I P  be  the  projection  of  the  axis 
of  the  screw:  being  also  the  straight  line  in 
which  the  pttch-snrfaces  tonch  each  other. 
Let  I  c  represent  the  direction  in  whic^ 
the  rack  is  to  slide;  and  let  the  length  I  e 
represent  the  eurface-velocUy  of  the  rucL 
Having  assumed  a  pro])er  transverse  ob- 
liqnity  for  the  teeth  of  the  rack,  draw  the 
straight  line  c  P,  to  represent  the  trace  dT 
a  tooth.* 

Draw  I  C  perpendicular  to  I  A,  cutting 
P  e  in  C ;  thenl  C  will  represent  the  surface- 
velodty  of  the  screw;  and  c  C  will  represent 
tfte  velocity  of  transverse  sliding  of  the  threads 
of  the  screw  on  the  teeth  of  the  rack.  On 
C  c  P  let  fall  the  perpendicular  I  K;  this  ^^ 
will  represent  the  common  component  of  the  ^  *'^ 

surface  velocities.     Also,  the  proportions 
borne  to  each  other  by  the  divided  pitches  ^'s-  HO  a, 

are  as  follows : — as 

I  c  :  lon^tudinal  pitch  of  rack 
:  :  I  N  :  divided  nomud  pitch  of  rack  and  screw 
:  :  I  C  :  circular  pitch  or  screw 
:  :  I  P  :  divided  axial  pitch  of  screw. 

Having  assumed  a  convenient  absolute  value  for  the  longitudinal  pitch  of 
tlie  rack,  find,  by  the  hel]) 
of  the  diagram,  the  circular 
fntch  of  the  screw ;  multiply 
that  circular  pitch  by  a  con- 
venient number  of  threads, 
for  the  circumference  of  the 
pitch-cylinder,  and  find  its 
ndius  by  construction  or 
by  calculation. 

Fig.  110  b  is  a  projection 
of  a  rack,  C  C,  and  screw, 
A  A',  showine  the  traces  d 
the  teeth  and  threads  on 
the  pitch-surfaces. 

During  the  action  of  a 
tooth  and  a  thread,  the  Tlg-llOs. 

•  The  propir  obUqnitj  for  the  rsdk-toefh  depends  on  frietion,  a  Md^eelM' 
Dynamios  of  Xselifnery;  but  It  may  hwt  bo  itated,  thai  wben  the  sefsw  ist» 

U 
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pitch-point  travek  aLong  the  whole  length  of  the  line  of  oonteet  of  the 
pitch-Burfkces,  whose  projection  is  A  A'.  In  the  figuze  the  bieedths  of  thoac 
Bur&oes  are  such,  that  at  any  given  instant  there  are  at  least  three  pitch- 
points. 

The  teeth  and  threads  are  to  be  designed  by  drawing  their  normcU  seetkm^, 
as  deioribed  in  Article  165^  pa^  163.  The  normal  scciiiML  of  a  tooth  of  the 
radi  will  be  that  adapted  to  its  normal  pitch.  The  normal  Mction  of  a 
thread  of  the  screw  is  to  be  found  by  the  help  of  the  esculatiiig  drde  of  the 
nonoal  h^iz,  as  found  by  Rule  ILL  <^  Article  154^  page  161,  which  is  re- 
peated here  for  conTenienea  On  I  C  in  fie.  110  ▲  1^  off  I  B  eqnal  to  the 
radius  of  the  pitch-cylinder;  then,  nerpennicqlar  to  I  C,  draw  B  D,  cnttiiig 
I  N  in  D ;  then,  perpendicalar  to  1  K,  draw  D  B^  cutting  I  C  in  R ;  I  K 
win  be  the  radius  of  cnrrature  of  the  normal  heliz. 

A  screw  and  rack  are  used  in  one  form  of  SeUera's  planing  maehinft 


Addendum  to  Article  243,  Page  265,  and  Ajticlb  245, 

Page  267. 

Epicrocheidal  Paiha. — In  tracing  epitrochoidal  peths  (including  dKpses) 
it  is  obviously  not  essential  that  there  should  actuaUy  be  two  wheds  havin:' 
the  fixed  and  rolling  circles  respectiveljr  for  their  pitch-circles,  provided 
only  that  the  wheel  which  carries  the  tracins-point  is  carried  by  a  train-arm 
and  driven  by  an  epicyclic  train,  so  as  to  nave  the  same  motion  with  the 

imaginary  roDing  circle.     As 


I* 
ii 


to  the  principles  which  legolate 

the  motion  of  the  rolling  circle, 

see  Articles  76^  77,  psges  54  to 

66.     As  to  the  action  of  the 

epicyclic  train,  see  Article  234, 

pages  243,   244.    The  whoel- 

work  of  the  epicyclic  train  nay 

be  varied  in  detail  aooordiii^  to 

convenience,  so  long  as  it  grres 

the  required  velocity-ratio. 

To  exonplify  thia»  let  it  be 

"l^  required  to  design  an  insAra- 

/    ment  for  trsdng  eUiitses    by 

rolling  motion;  and  im   Wig, 

196a,  let  a  be  the  centre  o£ 

the  fixed  circle  D,  and  B  tiM 

centre  of  the  roiDiiig  arele  C. 

whose  diameter,  A I  (as  ali«ady 

stated  in  Artids  245),  in  the 

radius  of  the  fixed  circle.     Thm 

simplest  gearing  obvioaaly  eosi- 

sists  of  sn  itttemaUr  toot  hud 

y  fixed  ring  whose  pitoi'-cuKdtt  is 

Fig.  196  a.  D,   and  a  spor-wheel  n 

pitch-circle  is  C ;  but this( 
bination  majr  be  inconvenient  in  practice,  ana  it  may  be  desinUe  to  i 
epicyclic  train  in  outside  gearing,    llie  train-aim  will  of  oonrsa  be 

sented  by  A  B;  and  the  absolute  angular  vdocity  of  the  wheel  centnd — ^ 

which  is  to  carry  the  trsdng-srm,  must  be  made  equal  ^^  oontiacy  to  ^b2 

(M  to  ahnort  ftlwayi  the  case  In  praetloe),  llie  angle  I  c  P  dioidd  be  ^ 
oClhsavBtoor  rapoMoC  ttaa  tealh,-«iv  aboat  8ft«,  If  the 
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of  the  train-ann.  To  effect  this,  let  d  be  a  fixed  spur-wheel  centred  on  A ; 
let  c  be  a  spur-wheel  centred  on  B,  and  of  half  the  radius  of  the  fixed  wheel ; 
and  let  e  be  an  idle  wheel  of  any^  convenient  radius,  gearing  with  botih  the 
wheels  before  mentioned.  Then,  if  a  be  taken  to  denote  the  angular  Telocity 
oi  the  train-ann,  the  angular  velocity  of  the  fixed  wheel  d  relatively  to  the 
tcaia-ann  will  he  =  —  a ;  and  the  angular  velocify  of  the  wheel  c,  and  of  the 
tndi^-«nn  i^ch  it  carries,  relatively  to  the  train-arm  will  be  =  —  2  a; 
therefore  the  absolute  angular  velocity  of  the  tracing-ann  will  be  a  —  2  a 
»  —  a;  that  is  to  say,  equal  and  contrury  to  that  of  the  train-arm,  as 
required. 

As  represented  in  the  figure,  this  instrument  is  capable  of  tracing  various 
elli|)ses  in  which  either  the  half-sum  or  the  half-dinerence  of  the  semiaxes 
is  =  A  B ;  and  it  is  easy  to  see  that  by  jointing  the  train-arm  at  £,  the 
centre  of  the  idle  wheel,  and  providing  the  means  of  fixing  its  two  divisions, 
A  B  and  £  B,  so  as  to  make  different  angles  with  each  other,  the  distance 
A  B  may  be  varied  within  certain  limits. 

Addbndum  to  Article  244,  Page  265. 

•^M^iVKie  PMhs  itAcrd  hj  €mm-BI«tl«Ms. — An  endless  variety  of 
aggregate  paths  may^  be  traced  by  means  of  combinations  in  which  rolling 
action  is  combined  with  the  action  of  a  cam. 

Suppose  two  axes,  not  intersecting,  to  be  connected  by  means  of  a  pair, 
or  of  a  train,  of  suitable  wheels,  so  as  to  have  any  reqmred  velocity -ratio ; 
and  suppose  that  along  with  one  axis  there  rotates  a  disc  on  which  an 
aggregate  path  is  to  be  traced ;  and  that  along  with  the  other  axis  there 
rotates  a  cam  of  any  required  figure,  which  cam,  Iw-  acting  on  a  sliding  bar, 
causes  the  tracing-point  to  move  along  the  line  of  centres,  or  common  per- 
pendicular of  the  axes,  towards  and  from  the  axis  that  carries  the  msc, 
aooordinff  to  a  law  determined  by  the  figure  of  the  cam  ;  theu  the  tracing- 
|)oint  win  trace  on  the  disc  a  curve  whose  figure  will  depend  on  that  of  the 
cam,  and  on  the  velocity-ratio  of  the  cam  and  disc. 

(As  to  the  action  of  cams,  see  Article  161,  pms  170  to  173.) 

Combinations  of  this  sort  are  used  in  lathes  £r  ornamental  turning.  The 
tracing-point  is  the  point  of  a  suitable  cutting  tool ;  and  the  cam  which 
regulates  its  motion  is  commonly  called  the  copy-pkUe,  or  skaper-plaie,  (Sea 
Northcott  On  Turning,  1868,  Part  IlL}* 

*  To  esprem  by  algebraical  nymbola  the  action  of  this  oambinatioo,  let  the  polar  equation 
of  the  pitch-Une  of  too  cam  be 

r=f{9) (L) 

S  hsiag  the  aogle  made  by  the  radios  r  with  a  fixed  radius.    Also,  let  a  be  the  length  of  the 
line  oioentreB.  and  b  the  constant  distance  along  that  line  from  the  pitch-line  of  the  cam  to 
the  tradng-point 
Let  the  pcuar  equation  of  the  carve  traced  by  that  point  on  the  disc  be 

r=*(^); (J.) 

and  let »  be  the  ratio  borne  by  the  angular  velocity  of  Uie  cam  to  that  of  the  disc  Then  the 
quantities  in  the  equations  1  and  2  are  connected  with  each  other  by  the  following  pair  of 
equations:— 

r-Hr  =  a— 5; (8.) 

•  =  »r (4.) 

Hence,  if  the  figure  of  the  cum  is  giren— that  is,  if  Uie  function  /  in  equation  1  is  glTeiH-4hs 
figure  of  the  traced  curre  is  determined  by  the  following  equation:— 

rssa  —  b—Jinf); (1) 

and  if  the  flgnre  of  the  traeed  enrre  is  giyen— that  is,  if  the  function  ^  in  equation  3  is  given^ 
Che  flgnre  of  the  cam  is  determined  by  the  following  equation:— 

r  =  a-6-^/i\ <|.> 
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Addendum  to  Article  251,  Page  275. 


Approximate  Oraaslioppcr  Pnmllcl  IHotiMi. — Another  fonn  of  approzi- 
mate  iNurallel  motion  of  the  crasshopper  kind  is  desisned  as  shown  m  fig. 
^  6  1-1  2^^^    Let  A,  A',  A"  be  the 

5*^ extreme  and  middle  poations 

'         '  "-^  of  the  jTuided  point,  lying  in 

one  straight  line.  Draw  the 
Btraieht  Une  A'  B  F  perpen* 
dica&r  to  A  A'  A";  and  Uy 
off  the  intended  length  of  the 
eaiding-bar,  A  B  =  A'  B'  = 
A'  B,  «o  as  to  find  the  eztRme 
positions,  B  and  K,  of  iU 
farther  end.  This  end  may 
be  ffnided  either  by  straight 
gnides,  or  by  a  lever  ceotred 
at  a  pointy  C,  equidistant  from 
B  and  F;  that  lever  being  so 
long  as  to  make  the  point  B 
describe  a  very  flat  dicnlar 
arc,  deviating  veiy  little  from 
a  straight  line. 

Choose  a  convenient  point,  D,  for  the  attachment  of  the  bridle  to  the  bar 
A  B,  and  lav  off  A"  D"  =  A'  ly  =  A  D,  so  as  to  find  the  extreme  and  middle 
positions  of  that  point.  Then,  by  plane  geometry,  find  the  centre  E  of  a 
circular  arc  traversing  the  points  D,  U,  D" ;  £  will  be  the  trace  of  the  axis 
of  motion  of  the  bricue  E  D.  The  error  of  this  parallel  motion  is  the  less 
the  nearer  D  is  to  the  middle  of  A  B. 


Fig.  201 


Addendum  to  Article  143,  Page  143. 

iBVttlote  Teeth  for  ElUpcic  Wheels  are  desired  b^  drawing  an  dlipw 
confocal  with  the  elliptic  pitch-line,  and  having  its  major  axis  smaller  in  a 
fixed  proportion,  and  then  drawing,  for  the  traces  of  the  fronts  and  backs  of 
the  teeth,  involutes  of  the  smaller  ellipse.  The  proportion  in  which  thiA 
ellipse  is  smaller  than  the  pitch-ellipse  should  be  such,  that  every  tangent 
to  the  smaller  ellipse  shall  cut  the  fronts  of  two  teeth  at  least  between  that 
ellipse  and  the  pitch-line.  The  pair  of  smaller  ellipses  in  a  pair  of  elliptic- 
toothed  wheels  are  analogous  in  tneir  motion  to  a  pair  of  elliptic  pulleys;  as 
to  which,  see  Article  175.  page  189. 
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OF  ABJUSTHESTS. 

257.  Ad|fii>ii  Bctecd  udi  €huM4«— The  word  ^'adjnsi- 
meuts"  was  intiodaoed  by  Professor  Willis^  in.  order  to  compre- 
hend under  one  general  term  all  contrivances  for  varying  at  will 
the  comparative  motions  in  a  machine.  Every  adjustment  may 
be  regarded  as  an  aggr^;ate  combination  in  which  the  action  is 
temporary  or  intermittent;  and  the  various  kinds  of  adjustments 
might  have  been  classed  under  the  head  of  "Aggregate  Gombina- 
tionsy"  in  the  preceding  chapter;  but  it  is  more  convenient  to  treat 
of  them  by  themselves.  Various  contrivances  which  belong  to  the 
class  of  adjustments  have  already  been  described  under  the  head  of 
"  Elementary  Combinations,"  as  well  as  of  aggregate  combinations : 
these  will  be  specified  in  their  order  further  on.  Other  contriv- 
ances belonging  to  the  class  of  adjustments  involve  the  application 
of  the  principles  of  dynamics  and  of  the  strength  of  materials,  to 
snch  an  extent  that  their  description,  at  all  events  in  detail,  must 
be  reserved  for  later  divisions  of  this  book. 

When  adjustments  are  classed  according  to  the  purposes  to 
which  they  are  applied,  they  may  be  arranged  as  follows : — * 

Traversing-Ciear  and  Feed-Motions; 
Engaging,  Disengaging,  and  Reversing-Gear; 
Gear  for  varying  Speed  or  Stroke. 


258.  TmTeniar«««r  «■«  Vc«di-9i«iiMw  Ih  ««MnL— By  iraten- 
ing^oT  is  m^nt  the  mechanism  by  means  of  which  a  machine, 
consisting  of  framework  and  moving  pieces,  is  shifted  from  pkce 
to  place  without  being  thrown  out  of  connection  with  the  driver 
from  which  it  receives  its  motion;  such,  for  example,  as  the 
mocbanism  by  which  the  truck  in  a  travelling  crane,  that  carries 
the  hoisting  machinery,  is  made  to  move  to  different  positions  on 
a  travelling  platform,  which  itself  is  capable  of  being  moved  to 
different  positions  on  a  fixed  framework;  or  the  mechanism  by 
whidi  the  arm  in  a  drilling  machine  is  made  to  move  to  varioos 
positions,  carrying  with  it  the  boring-tool  and  the  machinery  by 
which  that  tool  is  driven ;  or  that  by  which  the  tool-holder  in  a 
shaping  machine  is  turned  into  various  positions,  according  to  the 
varyinff  directions  in  which  the  strokes  of  the  tool  are  to  be  made. 
By  a  fsedrnuiifion  is  meant  the  mechanism  in  a  machine-tool  by 


394  GEOMETBT  OF  MilCHINERY. 

means  of  which,  afler  a  stroke  has  been  made,  either  the  cutting- 
tool  or  the  work  (that  is,  the  piece  of  material  operated  apon)  ia 
shifted  into  a  new  position,  preparatory  to  making  the  next  cut ; — 
for  example,  in  a  lathe  for  turning  axles,  the  feed-motion  causes 
the  tool  to  shift,  at  each  revolution  of  the  axle  that  is  being  turned, 
through  a  certain  distance  in  a  direction  parallel  to  the  axis  of 
rotation;  and  in  a  sawing  machine,  the  feed-motion  causes  the  log 
of  wood  that  is  being  sawn  to  advance  through  a  certain  distance 
either  during  or  after  each  cut  of  the  saw.  Some  feed-motions 
are  continuous  in  their  action ;  others  are  intermittent. 

It  is  obvious  that  the  general  principles  of  travening-gear,  and 
of  those  feed-motions  in  which  the  tool  is  8hifled,are  those  ofaki/Ung- 
trains,  already  stated  in  Article  228,  pages  235  to  238.  The  ocm- 
sideration  of  traversing-gear  and  feed-motions  in  detail  belongs  to 
the  subject  of  the  construction  of  machinery,  and  must  therefore 
be  deferred. 

SscrriON  L — Of  Bngoffing,  Disengaging^  and  Reversing-Gear, 


259.  Oeacmi  gjcpiB^Bii—.— Engaging  and  Disengaging-Ctoar,  or 
sometimes  Disengaging  and  Be-engaging-Gear,  is  the  name  given  to 
those  contrivances  by  means  of  which  the  connection  between  a 
follower  and  its  driver  can  be  begira  and  stopped  at  will; — in  other 
words,  by  means  of  which  the  combination  can  be  thrown  into  gear 
and  (mt  of  gear  when  required.  For  brevity's  sake,  snch  con- 
trivances may  be  called  simply  Disengagements,  Disengagements 
may  be  classed  in  different  ways.  According  to  one  mode  of 
classification,  they  are  distinguished  into  those  which,  in  the  com- 
munication of  motion,  act  by  pressure^  and  those  which  act  by 
friction.  Disengagements  which  act  by  pressure  are  precise  and 
definite  in  their  action;  that  is,  the  connection  between  the  pieces 
that  are  thrown  into  gear  at  a  given  instant  is  established  at  onoe, 
in  a  certain  definite  position  of  the  pieces,  and  with  a  certain 
definite  velociiy-ratio.  Disengagements  which  act  by  fcictioa 
are  to  a  certain  extent  indefinite  in  their  action ;  that  is,  tlie 
velocity-ratio  corresponding  to  the  complete  establishment  of  the 
connection  is  produced  by  degrees;  and  the  relative  position  of  the 
pieces  when  the  connection  is  completely  established  is  uncertain. 
In  certain  cases  the  definite  action  of  the  former  class  of  disen- 
gagements is  necessary :  in  other  cases  it  is  nnnecessaiy ;  and  in 
these  the  frictional  class  of  disengagements  have  a  great  advanta^, 
because  of  their  avoiding  the  shocks  and  straining  actions  which 
accompany  sudden  changes  of  velocity.  The  principles  upon 
which  such  straining  actions  depend  belong  to  the  dynamics  of 
maohinety. 

By  mother  mode  of  olaasification,  disengagements  are  anunged 
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aeoording  to  the  kind  of  mechanism  of  which  they  consist,  as 
follows : — 

L  DisenffOffemmti  hy  moanB  of  CoupUngs;  where  two  pieces 
that  torn  about  one  axis  are  coupled  or  nnconpled  at  pleasure;  so 
that  when  coupled,  they  turn  as  one  piece,  (uiese  may  transmit 
motion  either  by  pressure  or  by  friction. 

II.  DisengagemenU  with  Rolling  Contact. — ^These  always  transmit 
motion  by  friction. 

IIL  Dtsengageme/Oa  wUh  hiding  Contact. — These  transmit  motion 
by  pressure;  and  in  most  cases  they  act  by  throwing  toothed 
wheels  or  screws  into  and  out  of  gear. 

IV.  Diaengagementa  hg  Bands  transmit  motion  by  friction. 

Y.  Diaengagementa  by  Linkwork  transmit  motion  by  pressure. 

YI.  Diaengagementa  wUh  Hydraulic  Connedion  transmit  motion 
by  the  pressure  of  a  fluid;  and  they  are  made  to  act  by  the  opening 
and  shutting  of  Talve& 

Revendng-Crtar  usually  consists  simply  of  a  double  set  of 
engjiging  and  disengaging-gear;  that  is  to  say,  an  antingement  of 
mechanism  by  means  of  which  the  follower  can,  when  required,  be 
thrown  into  gearing  with  one  or  other  of  two  drivers  that  drive  it 
in  opposite  directions,  or  may  be  disengaged  from  both. 

It  is  obvious  that  all  the  combinations  in  which  the  connection 
b  intermittent  (enumerated  in  Article  219,  page  231)  are 
examples  of  self-acting  disengagements;  and  that  some  of  them 
(such  as  the  escapements  described  in  Article  164,  pages  176  to 
179)  are  examples  of  self-acting  reversing-gear. 

260.  chrtch.— A  clutch  is  a  sort  of  coupling,  in  which  one 
rotating  piece  drives  another  piece  that  turns  about  the  same  axis, 
by  means  of  two  or  more  projecting  claws  or  horns,  that  fit  into 
ootiesponding  recesses,  or  lay  hold  of  corresponding  horns,  on  the 
•ecoDd  piece.  In  a  disengaging  clutch  the  driving  piece  is  a 
^lindrical  box  or  collar  with  suitable  horns,  which  is  capable  of 
easily  sliding  lengthwise  upon  a  rotating  shaft,  and  is  made  to 
rotate  constantly  along  with  the  shaft,  by  having  in  its  internal 
cylindrical  surface  a  slot  or  longitudinal  groove,  fitting  a 
longitudinal  key  or  feather  that  projects  from  ^e  shaft  In  the 
ovter  cylindrical  surface  of  the  clutch  is  a  circular  groove,  into 
which  there  fit  easily  the  rounded  ends  of  the  prongs  of  a  forked 
hand-lever,  by  means  of  which  the  clutch  can  be  shifted  lengthwise 
on  the  shaft  through  a  distance  sufficient  to  engage  its  horns  with 
or  disengage  them  from  those  of  the  following  piece.  The  following 
piece  may  be  another  length  of  shaft,  turning  about  the  same  axis; 
or  it  may  be  a  wheel  or  a  pulley,  loose  upon  the  same  shaft  with 
thedutdL 

Sometimes  the  acting  faces  of  the  clutch,  instead  of  being  planed 
tmversing  the  axis  of  rotation,  are  inclined  backwards  as  re^^uds  the 
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direction  of  motion  at  an  angle  of  15%  or  thereaboats.  Tlie 
effects  of  this  are,  that  a  certain  forward  pressure  most  be  oonttnor 
ally  exerted  by  the  lever  on  the  clutch  when  in  gear,  in  order  to 
miJce  it  keep  its  hold;  and  that  any  sadden  acceleration  of  one  of 
the  parts  of  the  coupling  causes  the  clutch  to  lose  its  hold,  and 
thus  prevents  the  transmission  of  a  shock  to  the  machineiy  which 
is  driven  by  means  of  it. 

261.     Fricti#B-CI«tc>— Fricii#M«C— — — Frictf*a  Beetew — Ftlrtl— 

lilacs.— In  the  Jriction-dtUch  the  following  piece  is  a  circular  discy 
having  a  hoop  which  grasps  it^  and  which  can  be  tightened  or 
slackened  by  means  of  screws  until  the  friction  between  the  hoop 
and  the  disc  is  just  sufficient  to  transmit  the  required  power. 
The  hoop  has  two  projecting  horns,  corresponding  to  those  of  the 
clutch.  When  tliis  combination  is  thrown  into  gear,  the  clutch 
instantly  communicates  its  own  velocity  to  the  hooi>;  but  the  hoop 
at  first  slips  on  the  disc,  which  is  set  in  motion  by  degrees;  and 
thus  dangerous  shocks  are  avoided. 

In  ihe/riction-canea  the  driver,  as  in  the  case  of  the  clutch,  is  a 
cylindrical  box,  turning  along  with  the  shafts  and  capable  of  being 
shifted  lengthwise  by  means  of  a  hand-lever;  but  instead  of  homa, 
it  has  a  disc  with  a  rim  turned  to  a  very  accurate  and  smooth 
convex  conical  surface.  The  follower  is  a  disc  whose  rim  is  turned 
to  a  concave  conical  8ur£ace,  exactly  fitting  that  of  the  driver. 
When  the  driver  is  pushed  forward  by  means  of  the  lever,  so  as  to 
press  the  two  conical  surfaces  together,  it  gradually  imparts  its  rota- 
tion  to  the  follower  by  means  of  the  friction  of  those  surfaces^  On 
drawing  back  the  dnver  by  means  of  the  lever,  the  connection 
immediately  ceases. 

The  angle  of  obliquity  of  the  conical  snrfiices  should  be  joat 
great  enough  to  prevent  any  risk  of  their  becoming  jammed  against 
each  other,  so  as  to  prevent  disengagement;  and  for  that  porpoae 
an  angle  of  10''  or  thereabouts  is  sufficientb 

In  the  /ricUcncU  sector  coupling  (invented  by  Mr.  Bodmer) 
the  follower  is  a  cylindrical  box,  loose  on  the  shafts  and  canying  a 
circular  disc-plate  with  a  hoop-shaped  rim.  The  inner  cylindrical 
surface  of  that  rim  is  turned  true  and  smooth.  The  driver 
consists  of  a  boss  fixed  on  and  turning  with  the  shaft,  and  carryini^ 
an  expanding  disc  composed  of  two  sectors,  with  true  and  smooth 
^lindrical  rims,  fitting  the  inner  surface  of  the  rim  of  the  followers. 
'ihoBe  sectors  can  be  simultaneously  moved  from  or  towards 
the  shaft  by  means  of  right  and  left-handed  screws,  turned  by 
levers  and  links;  the  links  lie  parallel  to  the  shaft,  and  are  jointed 
to  a  collar  which  is  shifted  by  means  of  a  forked  lever,  as  in  the 
ordinary  clutch.  When  the  sectors  are  moved  outwatds,  they  fit 
tightly  to  the  inside  of  the  hoop-shaped  rim  of  the  follower,  and 
^  their  friction  communicate  to  it  the  rotation  of  the  ahalL 
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IVlien  moved  inwards,  they  cease  to  toncb  that  rim,  and  the 
connection  ceases.  (See  Fairbaim  On  Millioork,  Part  11,  Edition  of 
1863,  pp,  91,  92.) 

In.  Mr.  IL  D.  Napier^s  disengaging-gear  the  pushing  forward 
in  the  usual  way  of  a  cylindrical  clutch-box  causes  two  segmental 
pieces  to  grasp  between  them  a  drum  that  rotates  with  the  smdt,  and 
90  to  communicate  rotation  to  a  disc  to  which  they  are  attached. 

In  the  frielwnrdisc  disengagement  (Mr.  Weston's  invention)  a 
set  of  flat  discs  are  made  to  turn  along  with  the  shaft  by  means  of 
grooves  and  feathers,  and  are  capable  of  shifting  longitudinally  to 
a  small  extent.  Between  each  pair  of  that  first  set  of  discs  is 
placed  a  disc  belonging  to  a  second  set^  which  are  loose  on  the 
shaft,  but  are  made  to  turn  along  with  it  when  required,  by  press- 
ing them  between  the  discs  of  the  first  set.  The  second  set  of  discs, 
by  means  of  grooves  and  feathers  at  their  outer  edges,  carry  along 
with  them  in  their  rotation  a  wheel  or  a  pulley  concentric  with 
the  shaft 

262.  J^lacagai^mcBts   active    hj    B«llhiS    C«Biact« — ^A    pair    of 

wheels  acting  on  each  other  by  rolling  contact  may  be  engaged  and 
disengaged  when  required  by  pressing  them  together  and  drawing 
them  asunder,  the  axis  of  one  of  them  being  made  moveable  for 
that  purpose;  and  this  is  practised  in  grooved  frictional  gearing  of 
the  kind  described  in  Article  111,  page  150. 

The  principle  of  another  method  of  effecting  engagement  and 
disengagement  by  wheds  in  rolling  contact  is  shown  in  ^g.  213. 


Fig.  213. 

A  and  Bare  the  traces  of  the  fixed  axes  of  a  pair  of  smooth  wheels, 
whose  surfaces  do  not  touch  each  other:  A  l:«ing  the  driver  and  B 
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the  follower.  C  is  the  trace  of  the  moFeable  axis  of  an  iutermediate 
idle  wheel,  which  drives  B,  and  is  driven  by  A;  D  being  the  pitch- 
point  of  A  and  C,  and  E  the  pitch-point  of  C  and  B.  The  stntight 
line  D  E  is  the  common  line  of  connection  of  the  three  wheels; 
and  as  pressare  only,  and  not  tension,  can  be  transmitted  along 
that  line  from  the  finst  wheel  to  the  third  wheel,  the  connectiaii 
ceases  if  the  motion  is  reversed.  To  disengage  the  wheels  while 
in  motion  forwards,  the  axis  C  is  shifted  so  as  to  put  an  end  to 
the  contact  at  D  or  at  E,  or  at  both  those  points. 

The  angles  of  obliquity,  G  D  £  :=  C  E  D,  which  the  line  of 
connection  D  E  makes  with  the  two  lines  of  centres,  A  C  and 
B  C,  ought  to  be  a  little  greater  than  the  ^' angle  of  repose"  of  the 
sur&ces  of  the  wheels,  in  order  that  the  wheel  C  may  not  become 
jammed  between  the  wheels  A  and  B;  but  it  ou^t  not  to  be 
greater  than  is  just  sufficient  to  prevent  the  risk  of  jammii^ ;  in 
order  that  the  force  with  which  C  must  be  pressed  towards  A  and 
B  may  not  become  unnecessarily  great.  The  value  of  that  force 
and  of  the  angles  of  obliquity  will  be  considered  under  the  head 
of  the  ''D3mamics  of  Machinery ;"  meanwhile,  in  antiapation  of  that 
division  of  this  treatise,  the  following  values  are  given  of  the  angle 
of  repose  for  different  snr&ces  : — 

Cylindrical  surfaces  without  grooves. 

Metal  on  Metal;  dry,  10® ;  £my,  8°j  greasy,  4'. 

Metal  on  Oak ;  dry,  28° ;  wet,  14° 

Metal  on  Elm;  dry,  13°. 

Leather  on  Metal ;  dry,  29^° ;  wet^  20° ;  greasy,  13°. 

Leather  on  Oak,  17°. 

Grooved  metal  surfaces,  as  in  Mctional  gearing;  about  2S\ 

The  construction,  therefore,  for  designing  this  disengagement  is  as 
follows : — Construct  an  isosceles  triansle  C  D  £^  with  the  angles  at 
D  and  £  each  a  little  greater  than  the  angle  of  repose;  prodnoe 
C  D  and  C  E,  laying  off  upon  them  D  A  and  E  B  proportional  to 
the  radii  of  the  wheels  to  be  connected ;  join  A  R  Then  the  pro- 
portions borne  respectively  by  A  D,  B  E,  and  C  D,  to  A  B,  will 
be  those  which  the  radii  of  the  wheels  are  to  bear  to  the  line  of 
centres. 

26'S,   DlMBgagcBicMia  aadi  BercntBg-OMur  actlag  by  MkUag  C««» 

tact. — A  pair  of  toothed  wheels,  whether  spur,  bevel,  or  skew- 
bevel,  may  be  thrown  into  or  out  of  gear  by  shifting  one  of  them 
along  its  axis.  This  sort  of  disengagement  belongs  to  ^e  class  in 
which  motion  is  transmitted  by  pressure;  so  that  the  velocity-iatio 
and  the  relative  position  of  the  pieces  are  definite,  and  the  com- 
munication  of  motion  abrupt.  Another  way  of  making  it  act  is 
to  have  the  wheels  always  in  gearing  with  each  o&er,  and  to 
effect  the  engagement  and   disengagement  of  one  of  them  hj 
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means  of  a  dutch  upon  the  shaft  that  carries  it;  as  in  Article  260, 
page  295. 

The  most  common  kind  of  reverdng^gear  which  acts  by  means 
of  toothed  wheels  is  shown  in  fig.  214;  A  is  the  driving-shaft, 
carrying  a  bevel-wheel  which  drives  in  contrary  directions  a  pair  of 
bevel-wheels,  B,  C,  that  torn  loose 
on  the  driven  shaft,  D  D.  A 
double  clutch,  E,  sliding  along 
a  feather  on  the  latter  shaft,  is 
made,  by  means  of  a  collar  and 
lever,  to  lay  hold  of  the  one  or 
the  other  of  the  bevel-wheels 
B,  C,  according  to  the  direction  in 

which    the    shaft    D    D  is    to  

rotate.  o" 

f  irfaaClfi     by     liaads.— When 

rotation  is  transmitted  from  one 

shaft  to  another  by  means  of  a 

belt  and  a  pair  of  pnlleys,  tho 

form  of  engaging  and  disengaging- 

gear  employed  is  the  "/cut  and  *  i 

looie  puUey  "  already  described  in  ( ) 

Article  170,  pages  184  and  185. 

The  fork  mentioned  there  is  called  ^g.  2 1 4. 

a  hdt-guidey  or  heU-shifter.     It  is 

evident  that  the  contrivance  of  the  fast  and  loose  pulley  is  applicable 

to  belts  alone,  and  not  to  cords  and  chains. 

Reversmg-^eair  by  means  of  belts  with  fast  and  loose  pnlleys  is 
arranged  in  the  following  way:  on  the  driven  shaft  is  one  fast 
pulley,  between  two  loose  pulleys,  one  for  each  of  the  two  belts, 
which  ran  in  opposite  directions.  In  the  act  of  reversing  the 
motion,  care  should  be  taken  that  the  belt  which  has  been  driving 
the  fast  pulley  is  shifted  completely  on  to  its  own  loose  pulley 
before  any  part  of  the  other  belt  is  shifted  on  to  the  fast  pulley. 

A  method  of  engaging  and  disengaging  connection  by  bands, 
applicable  to  cords  as  weU  as  to  belts,  is  to  tighten  and  slacken  the 
band  when  required,  by  means  of  a  straining  pulley,  as  already 
described  in  Article  174,  page  188. 

265.    lilwaHiiiii  ■!■  aad  BcTenhi9-CI«ar  actfaig  hj  I<takWMrk.~  - 

Amongst  disengagements  acting  by  linkwork  are  all  the  examples 
of  intermittent  linkwork  described  in  Article  194  to  197,  pi^es 
206  to  213;  and  in  meet  of  those  examples,  besides  the  periodical 
disengagement  which  takes  place  at  each  return  stroke,  there 
exists  idso  the  means  of  making  a  permanent  disengagement,  by 
fixing  the  click  or  catch  so  as  to  prevent  it  from  taking  hold  of  thn 
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Fig.  215. 


IrJili*  1  ^?  ^^'  ^.^^'  P^  ^^7  (described  at  page  208V  is  an 
example  of  reversiDg-gear  in  linkwort  ^ 

word's  mZnST^  ^^  distingniahed  from  click-and-ratchet- 
Z^fhl^^   •  ^  ^  dwengagement  consist  in  connecting  the  link 

(as  at  A,  fig.  215);  that  is,  a  deep  notch  wi^b  plane  sides  anda 

semi-cylindrical  bottom,  fit- 
ting the  pin  aocaratelj  but 
easUy.  The  link  is  thrown 
out  of  gear  when  reqniral,  by 
moving  the  gab  clear  of  the 

mutable  mechanism.  Sometimes  the  JLb 'istmWdS  ^  ^ 
ing  jaws,  to  enable  it  the  mote  easUyl!o  ky  MdrftWiT^n 
the  connection  is  to  be  re-engaged.  /       "  "«  *ne  pia  wnen 

int^'r^}^  "T,  °^  '^^fSPSement  by  linkwork  is  that  of  the  kooi, 
^rSS,^;*;.  ^*  «'«=^«I'«* «»'  stroke  of  the  loom  tteH^ 

dTnCoT?he~oa\^*1  ^^^^^^  ^^^l  ITI"^^ 
uepenaing  on  the  pattern  to  be  woven      In  fi<r  91 «  Vi  n  :-  ^■*"f^ 

of  which  the  low^  end  is  connX  wJh  ?th'.^?Se"ho5ris 

H^pt  in  a  nearly  vertical  posi- 

tion  by  passing  easUy  through 

a  hole  at  D  in  a  horisontal 

r'-^Z  sHding-bar,    D  E,   called  a 

"  '  needle;  and  the  hooked  nraer 

end,  at  B^  overhangs  a  hori- 
zontal bar  or  rail,  A,  which  is 
carried  by  a  frame  having  a 
vertical  reciprocating  motion, 
of  the  extent  represented  by 

&  f^'-  J'^  ^^®  position  shown 
by  full  Imes  and  capital  letters 
the  hook  stands  ready  to  be 

lifted  by  the  rail  A ;  but  when 
the  needle  is  drawn  back  to 
the  position  de,  the  hook  is 
njade  to  assume  the  poaitioii 
Cc;^,  shown  in  dotted  lines, 

disengaged 
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from  the  mil,  «nd  remains  at  ««f  a    •      .u  ''  "^^  A«M>g«gwI 
needles  are  imau/dK  £,^1  ™^«  *^*  "*^  -trolto^^fte 

horizons  w  ^:rz  s^'^r.f  *iT!?,  ^?  ^»?«»>  t«™ 
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of  the  form  of  a  polygoDal  prism,  usually  square,  as  iu  the  figure; 
its  acting  face  is  covered  with  an  oblong  card  (of  pasteboard  or 
sheet  metal),  having  holes  in  it  opposite  &e  ends  of  those  needles 
which  are  noi  to  be  pushed  forward.  The  drum  does  not  rotate 
daring  its  forward  stroke,  when  it  is  pushing  the  needles;  but 
during  the  return  stroke  a  catch  pulls  it  i-ound  so  as  to  bring  a 
new  face  opposite  the  needles,  with  a  new  card  upon  it^  having  a 
proper  arrangement  of  holes  for  the  next  stroke.  The  cards,  in 
Rufficient  number  to  produce  the  entire  pattern,  are  linked  together 
at  their  longer  edges,  so  as  to  form,  as  it  were,  a  flat  chain,  which 
hangs  over  the  drum,  by  whose  rotation  they  are  brought  round 
one  by  one  to  act  on  tiie  ends,  E,  of  the  needles. 

The  Jacquard  Apparatus,  of  dnim,  cards,  needles,  and  hooks,  may 
be  applied  to  many  purposes  besides  that  of  lifting  the  threads  of  a 
warp. 

266.  E^iaeagBgeBiCHU  acUag  bjr  HydraHlie  Coaaccfioa — ^Talrcs. — 

When  the  driver  and  follower  are  two  pistons,  and  the  former  trans* 
mits  motion  to  the  latter  by  means  of  an  intervening  mass  of  fluid 
(as  in  Articles  207  to  211a,  pages  221  to  227),  the  engagement 
and  disengagement  are  effected  by  opening  and  closing  a  valve  in 
the  passage  through  which  the  displaced  fluid  flows :  as  has 
heen  already  stated  in  Article  211,  page  224.  If  the  forward 
motion  of  the  driving  piston  is  to  go  on  while  the  valve  is  closed, 
some  other  outlet  must  be  opened  for  the  fluid  which  it  displaces. 

A  reversing  action  takes  place  in  hydraulic  connection,  when  a 
stream  of  fluid  is  admitted,  by  means  of  suitable  valves,  so  as  to  act 
sltemately  on  the  two  sides  of  a  piston,  as  in  a  double-acting  water- 
pressure  engine. 

In  all  cases  in  which  the  motion  of  a  piston  driven  by  a  fluid  is 
reversed,  an  outlet,  with  a  suitable  valve,  must  be  provided  for  the 
escape  from  the  cylinder,  during  the  return  stroke,  of  the  mass  of 
fluid  by  which  the  previous  forward  stroke  was  produced. 

267.  Prtecl^lcs  of  the  AcUoa  of  TalTC«.~It  would    be    OUt    of 

place  here  to  describe  in  detail  the  various  kinds  of  valves  used  in 
machinery;  and  therefore  a  summary  only  of  the  general  principles 
of  their  construction  and  action,  so  far  as  those  principles  can  be 
considered  as  forming  part  of  the  Geometry  of  Machines,  will  now 
^  given,  chiefly  abridged  from  A  Manual  ofHy^  Steam  Engine  and 
<wr  Prime  Maoere, 

Valves  in  general,  considered  with  reference  to  the  means  by 
which  they  are  moved,  may  be  divided  into  three  princii)al  classes : 
— ^Valves,  sometimes  called  dacksy  which  are  opened  and  shut  by 
the  pressure  of  the  fluid  that  traverses  their  openings,  and  are 
tisually  intended  for  the  purpose  of  permitting  the  passage  of  the 
flnid  in  one  direction  only,  and  stopj)ing  its  return ; — valves  moved 
by  hand; — and  valves  moved  by  mechanism.      When  a  piston 
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drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually  moved 
by  the  fluid :  when  the  fluid  diives  the  piston,  it  is  in  genetal 
necessary  that  the  valves  ^ould  be  moved  by  hand  or  by  mecfaan- 
isoL  In  'water-presBure  engines  that  work  oocasionally  and  at 
irregular  intervals,  such  as  hydraulic  hoists  and  cranes,  the  valves 
are  usually  opened  and  shut  by  hand;  in  those  which  work  periodi- 
cally and  continuouBly,  they  are  moved  by  mechanism  connected 
with  the  engine.  Valves,  when  considered  with  reference  to  the 
kind  of  motion  by  which  they  open  and  shut  the  porUj  or  orifioea 
to  which  they  are  fitted,  may  be  distinguished  into  Drop-imlve^ 
which  are  opened  and  shut  by  being  lifted  up  and  set  down ;  Flap^ 
valves,  which  turn  on  a  hinge;  and  SUde-valveg. 

The  seat  of  a  valve  is  the  fixed  suHkoe  on  which  it  rests^  or 
■ngainst  which  it  presse& 

The/ace  of  a  valve  is  that  part  of  its  surface  which  oomes  in 
•contact  with  the  seat. 

When  a  valve  occurs  in  the  courae  of  a  pipe  or  passage,  the  valve- 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
fur  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  paas  the 
valve  with  as  little  change  of  area  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve-chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

A  valve  moved  by  mechanism  has  almost  always  a  periodical 
reciprocating  motion,  by  which  it  is  alternately  opened  and  shut. 
The  simplest  mode  by  which  that  motion  can  be  given  is  by  a 
orank,  or  an  eccentric,  carried  by  some  oontinuously-Eotating  i»eoe, 
and  acting  through  a  rod ;  as  in  Articles  1 84  to  1 86,  pages  1 96  to  1 98  ; 
and  such  is  the  ordinary  way  of  moving  dide-valveB.  Drop^vaimea 
are  sometimes  worked  by  the  same  kind  of  mechanism,  with  the 
addition  of  a  contrivance  for  setting  them  down  very  gently,  of  the 
kind  described  in  Article  190,  pages  202,  203;  or  by  means  of 
•cams  or  wipers  (Ai*ticles  160  to  164,  pages  170  to  175). 

The  principal  forms  of  valves  are  the  following: — 

I.  The  Bonnet-  Valve  or  Conical  Valve  is  the  simplest  form  of 
drop-valve,  and  is  a  flat  or  slightly  arched  circular  plate  whose 
face,  being  formed  by  its  rim,  is  sometimes  a  froatom  of  a  oraie, 
and  sometimes  a  zone  of  a  sphere,  the  latter  figure  being  the  best. 
Its  seal,  being  the  rim  of  the  circular  orifice  which  the  valve  cloee% 
is  of  the  same  figure  with  the  fiice  or  rim  of  the  valve,  and  tiie 
valve-face  and  its  seat  are  turned  and  ground  to  fit  each  otiier 
•exactly,  so  that  when  the  valve  is  closed  no  fluid  cvn  P^^fl^  The 
thickness  of  a  valve  of  this  form  is  usually  from  a  fifth  to  a  tenth 
of  its  diameter,  and  the  mean  inclination  of  its  rim  about  AST. 

To  ensure  that  the  valve  shall  rise  and  fidl  vertically,  and  alwMn 
"a  to  its  seat  in  closing,  it  is  sometimes  provided  w^  a  mmdU^ 


moving  throngfa  s  Ting  or  cylindrical  socket  A  knob  on  Ute  end 
of  the  spindle  pccrents  Uie  Talve  from  ridog  too  higlk  When  the 
vklve  is  to  be  moved  by  hand  or  by  mectumiam,  the  spindle  may 
be  continoed  throngh  a  stuffing-box,  and  connected  witb  &  handle 
or  a  lerer,  so  as  to  be  tlie  means  of  transmitting  motion  to  the 
valv& 

IL  The  Bail  Clack  is  a  drop-Talve  of  the  foim  of  an  accinately- 
tamed  ^bere.  When  of  laige  size,  it  is  in  genend  hollow,  in  order 
to  reduce  its  weight  Its  &ce  is  its  entire  surface:  its  seat  is  a 
SMiencal  zone. 

III.  The  Dwided  Cmicai  Valee  ia  composed  cf  a  series  of  con- 
centric rings.  The  lai^st  ring  may  be  considered  as  a  boonet' 
valve,  in  which  there  is  a  circular  orifice,  forming  a  seat  for  a 
smaller  bonnet-valve,  in  which  there  is  a  Bmaller  circular  orifice, 
forming  a  Beat  for  a  still  smaller  bonnet- valve,  and  so  cm.  This 
arrangement  enables  a  large  opening  for  the  passage  ot  fluid  to  be 
formed  with  a  moderate  upwaid  motion  of  eac^  division  of  the  valve. 

IV.  The  Double-beat  Valve  is  a  drop-valve  bo  contrived  as  to 
enable  a  large  passage  for  a  flnid  to  be  opened  and  shut  easily  under 
a  high  preiiBure.  Fig.  217  represents  a  section  of  the  valve,  with 
its  seats  and  chamber,  and  fig.  21S  a  plan  of  the  valve  alone. 

The  valve  shown  in  the  figure  iB  for  the  purpose  of  opening  and 
shutting  the  communicatioa  between  the  pipea  A  and  B. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  two 
valve-seatx,  which  are  of  the  form  of  the  frnstam  of  a  cone,  and 
each  marked  a. 
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A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve-seal 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
conical  faces,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats,  a,  <s.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  o))ening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disa 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

di  be  the  diameter  of  the  pipe  B ; 

d^  that  of  the  disc ; 

h,  the  clear  height  from  the  pipe  to  the  disc^  less  the  thickness  of 
the  valve ; 

A,  the  greatest  area  of  opening  of  the  valve ;  tlien 

A  =  3U16  -i-t-^-/»; (1.) 

and  in  oi*der  that  this  may  be  at  least  equal  to  the  area  of  the  pipe 
B,  viz.,  '7854  dl,  we  should  have 

*''*»««*  =  FPI^' <2.) 

which,  if,  as  is  usual,  e/^  s  d^tgiyca 

;*ut  least  =  i; (2  a.) 

but  A  is  in  general  considerably  greater  than  the  limit  fixed  by  this 
rule. 

If  the  up|)er  and  lower  seats  are  of  equal  diameter,  the  valve  is 
called  an  equilibrium-valve;  and  this  is  the  kind  of  double-beat 
valve  most  commonly  used  in  steam  engines.  In  water-pressnre 
engines,  pumps,  and  hydraulic  apparatus  generally,  the  lower  valve- 
seat  is  generally  made  a  little  laiger  than  the  upper. 

Y.  A  common  Flap-  Valve  is  a  lid  which  opens  and  shuts  bj 
turning  on  a  hinge.     The  face  and  seat  are  planes. 

A  pair  of  flap- valves  placed  hinge  to  hinge  constitute  a  ^^buUerfiy 
dock,**  The  chamber  of  a  flap-valve  should  be  of  comddeniblT 
greater  diameter  than  the  valve. 

VL  A  FlexSble  Flap-  Valve  consists  of  a  piece  of  some  flexible 
material,  such  as  waterproof  canvas  or  India  rubber.  It  may  be 
rectangular,  so  as  to  have  one  edge  fixed  to  the  seat,  and  the 
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Opposite  edge  attached  to  a  bar,  hy  moidng  wbicb  it  is  opened  and 
shut;  or  it  may  be  drcular,  and  fixed  to  the  seat  at  tiie  centre; 
and  this  is  the  form  nsuaUy  adopted  for  self-acting  flexible  flap- 
valves  in  pumps.  The  seat  of  the  flap  consists  of  a  flat  horiaontol 
grating,  or  a  plate  perforated  with  holes:  To  prevent  a  drculur 
flap-Tidve  from  rising  too  high,  it  is  osoally  provided  with  a  gnard, 
which  is  a  thin  metal  cnp  formed  like  a  s^pnent  of  a  sphere,  grated 
or  perforated  like  the  valve-seat^  to  which  it  is  bolted  at  the  centre. 
When  the  valve  is  raised  by  a  current  from  below,  it  applies  itself 
to  the  bottom  of  the  cup.  When  the  current  ia  reversed,  the  fluid 
from  above,  pressing  on  the  valve  through  the  holes  in  the  cup, 
drives  it  down  to  its  seat  again. 

VII.  The  Disc^nd-Pivot  Valve,  or  ThroUle-Valve,  consists  of  a 
thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangular.  The  "^ve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut^  is  perpendicular  to  the  axis  of  the 
pipe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  coverBed-sine  of  the  indinaUon.  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  d^erenee  between  the  sine  of  thai  indituUion 
and  the  sine  of  the  indination  tohen  shtU, 

The  /ace  of  this  valve  is  its  rim;  its  seat  is  that  part  of  the 
internal  surfiEu»  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut;  and  those  surfaces  ought  to  be  made  to  fit  very 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the- journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing-box  in  the  pipe,  so  as  to  afibrd  the  means  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

VIII.  Slide-  Valves. — ^The  seat  of  a  slide-valve  consists  of  a  plane 
metal  surfiice,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  port,  which  the  valve  is  to  close,  and  from 

J  to  ^  of  the  breadth  of  that  orifice,  while  the  remainder  extends 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  in 
order  that  the  valve,  when  in  such  a  position  as  to  leave  the  port 
completely  open,  shall  still  have  every  part  of  its  fiice  in  contact 
with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  the  port  toget^ 
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with  that  poiiioi]  of  the  seat  which  forms  a  rim  sarronDding  the 
port.  The  fiice  of  the  valve  must  be  a  tnie  phme,  so  as  to  slide 
nnoothly  on  the  seat.  As  to  the  periodical  motion  of  slide- 
valves,  see  the  next  Artida 

Rotating  dide-valves  are  sometimes  nsed,  in  which  the  valve  and 
its  seat  are  a  pair  of  drcolar  plates,  having  one  or  more  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  turning  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  portions  of  the  seat     (See  page  314.) 

IX.  A  Piston-  Valve  is  a  piston  moving  to  and  fro  in  a  cylinder, 
whose  internal  surfisu^  is  the  valve-setU,  The  port  is  formed  by  • 
ling  or  zone  of  openings  in  the  cylinder,  communicating  with  a 
passage  which  surrounds  it;  and  by  moving  the  piston  to  either 
side  of  those  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  valve-cylinder. 

X.  Cocks. — This  term  is  sometimes  applied  to  all  valves  which 
aro  opened  and  shut  by  hand;  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figuro  and 
size  with  the  boro  of  the  pipe,  so  tha^  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
cuireut,  while,  by  turning  it  into  different  angular  positions,  the 
opeYiing  may  be  closed  either  partially  or  wholly. 

268.  Pcri«4icai  Boiioa  of  sudie-TaiTM.— The  motion  of  a  slide- 
valve  driven  by  a  crank  or  an  eccentric  is  a  case  of  approxinuUe 
harmonic  motion,  as  already  described  in  Article  239,  page  250; 
and  in  most  cases  which  occur  in  practice,  it  may  be  treated,  with- 
out material  error,  as  if  it  were  exact  harmonic  motion :  that  is 
to  say,  the  travel  or  length  of  stroke  of  the  slide-  is  twice  the 
eccentric-arm;  the  slide  is  in  its  middle  position  when  the  eccentric- 
arm  is  sensibly  at  right  angles  to  the  line  of  its  dead-points; 
in  other  words,  when  the  phase  of  its  rovolution  \a  sensibly  90^; 
and  the  displacement  of  the  slide  from  its  middle  position  at 
any  given  instant  is  sensibly  equal  to  the  eccentric-arm  multiplied 
by  the  cosine  of  the  phase.  For  example,  in  fig.  220  (page  308), 
the  straight  line  F  A  L,  bisected  in  A,  represents  twice  the  eccen- 
tric-arm ;  so  that  A  F  and  A  L  respectively  represent  the  displace- 
ments of  the  slide  at  the  two  dead-points  of  the  revolution  of  the 
eccentric,  when  the  phase  is  respectively  0°  and  180^  On  those 
two  lines  as  diameters  describe  two  equal  ciroles,  A  H  F  G  A, 
and  ANLPA;  then,  when  the  phase  is  =  .^FAD,  the  difw 
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pliM^ment  is  =  AG;  and  when  the  phase  is  =  .^^r: F A M,  the 
displacement  is  =r  A  N^  in  the  contraiy  direction  to  that  of  the 
displacement  A  G. 

Under  the  geometry  of  machineiy  are  comprehended  the  rales 
by  which  the  movement  of  the  slide-valve  of  an  engine  is  made  to 
bear  certain  relations  to  that  of  the  crank  with  which  the  piston 
is  connected.     The  following  are  terms  used  in  those  rules: — 

The  two  opposite  sides  of  the  port,  or  oblong  opening  in  the 
seat  of  a  slide-valve,  are  distinguished  as  the  induction-side  and  the 
eduction-side; — the  former  being  the  side  at  which  the  fluid  enters 
the  port;  the  latter,  the  side  at  which  it  is  discharged. 

The  Utpf  or  cover,  of  a  slide-valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of 
the  port  which  it  covers  when  the  slide-valve  is  -^^ 
in  its  middle  position.     In  fig.  219  is  a  section 
of  part  of  a  vertical  slide-valve  and   its  port; 
W  is  the  lower  port  of  a  cylinder;   X,   the 
lower  half  of  the   slide-valve,  in    its    middle 
position;   TJ   is   the  induction-side^   and  Y   the 
eduction-side,  of  the  port;  C  is  the  indtiction-         Fig.  219. 
edge,  and  P  the  eduction-edge  of  the  valve;  UC 
is  the  lap  on  the  induction-side,  and  Y  P  the  lap  on  the  eductioTir 
side:  the  hollow  part  of  the  valve  opposite  X  is  called  the  exhaust- 
cavity. 

It  is  evident  that  the  opening  and  closing  of  the  port  at  either 
side  take  place  at  the  instants  when  the  displacement  of  the  slide 
in  a  direction  away  from  that  side  is  equal  to  the  lap  at  that  side  ; 
and  that  the  port  remains  open  at  that  side  so  long  as  the  displace- 
ment in  the  proper  direction  is  greater  than  the  lap.  Thus,  the 
port  W  remains  open  at  the  side  U,  so  long  as  the  displacement  of 
the  slide  towards  P  is  gi'eater  than  U  C;  and  at  the  side  Y,  so 
long  as  the  displacement  of  the  slide  towai'ds  C  is  greater  than 
Y  P.  If  the  lap  at  either  side  is  nothing,  the  opening  and  closing 
at  that  side  take  place  in  the  middle  position  of  the  slide ;  and  the 
port  remains  open  at  that  side  during  half  a  revolution  of  the 
eccentric. 

The  instant  at  which  the  port  is  first  opened  at  the  induction- 
side  is  called  the  instant  of  admission;  that  at  which  it  is  closed, 
of  suppression,  or  cut-off;  that  at  which  it  is  first  opened  at  the 
eduction-side,  the  instant  of  release;  that  at  which  it  is  closed  at 
the  eduction-side,  the  instant  of  compression. 

By  the  angular  advance  of  the  eccentric  is  to  be  understood  the 
angle  at  which  the  eccentric-arm  stands  in  advance  of  that  position, 
which  would  bring  the  slide-valve  to  mid-stroke  when  the  crank  is 
at  its  dead-points :  in  other  words,  the  excess  above  90®  of  the 
phase  of  the  eccentric  when  the  phase  of  the  cravV  is  0^;  or 
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symbols,  phase  of  eooentrio  —  phase  of  crank  ~  90^.  When  the 
dide  is  at  its  middle  position  at  the  same  instant  at  which  the 
crank  is  at  a  dead-point,  the  angular  advance  is  nothing. 

Bulb  L — ^Given,  the  positions  of  the  crank  at  the  instants  of 
admission  and  cat-off;  to  find  the  proper  angular  advance  of  the 
eccentric,  and  the  proportion  of  the  lap  on  the  induction-side  to 
the  half-travel  of  the  slide.* 

In  fig.  220,  let  A  B  and  A  C  be  the  positions  of  the  crank  at 
the  beginning  and  end  of  the  forward  stroke;  let  the  arrow  show 
the  direction  of  rotation;  let  X  a;  be  perpendicular  to  BC;  let 
A  D  be  the  position  of  the  crank  at  the  instant  of  cut-of^  and 


A  E  its  position  at  the  instant  of  admission.      Draw  A  F, 
bisecting  the  angle  E  A  D;  A  F  will  represent  the  poaitioB  of  the 

*  The  metiiod  used  in  this  and  the  following  rules  is  that  of  ProfeMor  I>r. 
Zeoner,  of  the  Swin  Federal  Polytechnic  School  at  ZOrich,  pnUiahed  in  his 
tnatiae  on  Slide-valve  Gearing  entitled,  Die  BchiebenUuaingem. 
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crank  at  the  instant  when  the  slide  is  at  the  faruxxrd  end  of  its 
stroke;  and  FAX  will  be  the  angular  advance  o/ihe  eooenhic 

Laj  off  the  distance  AF  to  represent  the  half-travel;  and  on 
A  F  as  a  diameter  describe  the  circle  A  H  F  G,  catting  A  D  in 

G  and  A  £  in  H;  then  j—^  =  j-^  will  be  the  required  ratio  of 

lap  at  the  indttelumreide  to  hal/'travel;  and  A  G  =  A  H  will 
represent  that  lap,  on  the  same  scale  on  which  A  F  represents  the 
half-traveL 

On  the  same  scale,  I  K  represents  the  width  of  opening  of  the 
valve  at  the  beginning  of  the  stroke^  sometimes  called  the  "  lead  of 
the  dideJ^  Strictly  speaking,  this  is  the  lead  of  the  induction-edge 
of  the  slide  only;  the  lead  of  the  centre  of  the  slide  being  A  K; 
that  is,  its  distance  from  its  middle  position  at  the  beginning  of  the 
forward  stroka 

Rule  II. — Given,  the  data  and  results  of  the  preceding  rule,  and 

the  position,  A  M,  of  the  crank  at  the  instant  of  release;  to  find 

the  ratio  of  lap  on  the  eduction-side  to  half-travel,  and  the  position 

of  the  crank  at  the  instant  of  compression.     Produce  F  A  to  L, 

making  ALssAF;  on  ALas  a  diameter  draw  a  circle  cutting 

AN 
A  M  in  N ;  then  -^-j  will  be  the  required  ratio  of  lap  at  edudion- 

mde  to  halftravd. 

About  A  draw  the  drcular  arc  N  P,  cutting  the  circle  A  L 
again  in  P;  join  A  P;  then  A  P  will  be  the  required  position  of 
the  crank  at  the  instant  of  compressum. 

Rule  III. — Given,  the  data  and  results  of  Rule  I.,  and  the 
position,  A  Q,  of  the  crank  at  the  instant  of  compression ;  to  find 
the  ratio  of  lap  at  the  eduction-side  to  half-travel,  and  the  position 
of  the  crank  at  the  instant  of  release.  Produce  F  A  as  before ; 
on  AL  =  FAa8a  diameter  draw  a  circle  cutting  A  Q  in  P ; 

iravd. 

About  A  draw  the  circular  arc  P  N,  cutting  the  circle  A  L 
again  in  N;  join  A  N;  A  N  will  be  the  position  of  the  crank  at 
the  instant  of  release. 

Rule  IY. — Given,  the  angular  advance  of  the  eccentric,  the 
half-travel  of  the  slide,  and  the  lap  at  both  sides;  to  find  the 
positions  of  the  crank  at  the  instants  of  admission,  cut-off,  release 
and  compression.  Draw  the  straight  lines  B  A  C  and  X  A  »  per- 
pendicular to  each  other;  and  take  B  and  0  to  represent  the  dead- 
point&  Let  the  arrow  denote  the  direction  of  rotation.  Draw 
F  A  L,  making  the  angle  F  A  X  =  the  angular  advance  of  the 
eccentric;    and  make  A  F  =  A  L  =  half-travel.     On  A  F  and 
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A  L  as  diameters,  draw  cirdea.  About  A,  with  a  radios  equal  to 
the  lap  at  the  induction-side,  di^aw  an  arc  cutting  the  ciit^le  on 
A  F  in  H  and  G;  also,  with  a  radius  equal  to  the  lap  at  the 
eduction-side,  draw  an  arc  cutting  the  drole  on  A  L  in  N  and  P. 
Draw  the  straight  lines  A  H  £,  A  G  D,  A  N  M,  A  P  Q.  These 
will  represent  respectively  the  positions  of  the  crank  at  the  instants 
of  ctdmiadon,  cut-off,  release^  and  compreaaion. 

The  eccentric  may  act  on  the  slide,  not  directly^  but  through  a 
train  of  levers  and  linkwork.  The  effect  of  this  on  the  application 
of  the  rules  is  merely  to  substitute  for  the  actual  eccentric-arm  a 
virtual  eccentric-arm  equal  to  the  half-travel  of  the  slide. 

The  effects  of  the  link-motion,  of  double  slides,  and  of  move- 
able slide-valve  seats,  in  modifying  the  length  and  position  of  the 
virtual  eccentric-arm,  have  been  already  described  in  Articles  239 
to  241,  pages  250  to  260. 

Section  XL — O/Adjustmenta/or  Changing  Speed  and  Siroke, 

269.  Ocaend  BzpUuuittoM.— All  methods  of  changing  the  velo- 
city-ratio of  an  elementary  combination  in  a  machine  operate  by 
changing  the  position  of  their  line  of  connection ;  for  on  the  posi- 
tion of  that  line  the  velocity-ratio  depends,  according  to  the  principle 
already  explained  in  Article  91,  page  78.  In  some  cases  the 
combination  contains  two  or  more  pairs  of  acting  surfaces  (such  as 
wheels  or  pulleys),  one  or  other  of  which  can  be  thrown  into  gear 
according  to  the  velocity-ratio  required ;  and  then  it  is  in  general 
necessary  to  stop  the  motion  in  order  to  change  the  velocity-ratio. 
In  other  cases  there  are  contrivances  for  changing  the  velocity-ratio 
by  degrees  while  the  machine  is  in  motion. 

In  the  case  of  linkwork  the  change  of  velocity-ratio  is  often 
connected  with  a  change  of  length  of  stroke. 

Many  of  the  most  ordinaiy  and  useful  adjustments  for  changing 
speed  have  already  been  described  under  the  head  of  elementaiy 
or  of  aggregate  combinations;  and  in  such  cases  it  will  be  suffi- 
cient in  the  present  section  to  refer  to  the  place  where  the  detailed 
description  is  to  be  found. 

Adjustments  for  changing  speed,  like  engaging  and  disengaging^ 
gear,  may  in  most  cases  be  distinguished  into  two  classes,  according 
as  the  connection  lb  made  by  pressure  or  by  friction.  In  the  former 
case  the  change  of  velocity-ratio  is  definite,  and  in  most  instances 
sudden ;  in  the  latter  case,  gradual, and  to  a  certain  extent  indefinite. 

270.  Ckaastef  Bfced  by  VriciiMi-Wbeete.— To  obtain  changes  of 
speed  by  means  of  friction- wheels^  a  pair  of  parallel  shafts  are  to  be 
provided  with  as  many  pairs  of  wheels  as  there  are  to  be  diffisrent 
velocity-ratios;  each  pair  of  wheels  bdng  connected  with  each 
other,  not  directly,  but  by  means  of  an  intermediate  idle  wheel^ 
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which  can  be  thrown  into  or  out  of  gear  at  pleaanrBy  as  in  the 
second  method  of  disengagement  described  in  Article  262,  page 
297 ;  the  only  difference  being  that  whereas  in  that  Article  the 
two  principal  wheels  of  the  pair  are  described  as  beiDg  equal,  in 
Ihe  present  case  they  will  in  general  be  unequal  The  rule  as  to 
the  obliquity  of  the  line  of  connection  is  the  same.  (See  page  298.) 

A  combination  of  fnction-wheels  in  which  the  velocity-ratio 
is  changed  by  degrees  during  the  ^ 
motion,  is  shown  in  fig.  221.  (It 
forms  part  of  Morin's  Integrating 
Dynamometer.)  A  is  a  plane  cir- 
cular disc,  turning  about  an  axis 
perpendicular  to  its  own  plane.  B 
is  a  wheel  driven  by  the  friction  of  Fig.  221. 

the  disc  against  its  edge ;  and  it  turns 

about  an  axis  that  cuts  the  axis  of  A  at  right  angles.  The  angu- 
lar velocity  of  B  varies  proportionally  to  its  distance  from  the 
centre  of  A,  and  is  varied  by  altering  that  distance. 

271.  ChaagtBg  Speed  hf  Teothed  Whecfti.~The  ordinary  method 
of  producing  precise  and  definite  changes  of  the  angular  velocity- 
ratio  of  two  rotating  shafts  is  by  means  of  change-wheds :  that  is 
to  say,  there  are  several  pairs  or  trains  of  wheels,  suited  to  a  cer- 
tain series  of  velocity-ratios;  and  one  or  other  of  those  pairs  or 
trains  of  wheels  is  thrown  into  gear  according  to  the  comparative 
speed  that  is  wanted  at  the  time. 

Sometimes  the  wheels  are  made  so  as  to  be  put  on  the  shafts 
and  taken  off  at  pleasure.  If  an  intermediate  idle  wheel  is  not 
used,  between  two  shafts  connected  by  pairs  of  change -wheels,  there 
must  be  as  many  pairs  of  change-wheels  as  there  are  different 
velocity-ratios ;  beoBiuse  the  sum  of  the  geometrical  radii  of  each 
pair  must  be  equal  to  the  line  of  centres;  but  by  the  help  of  an 
intermediate  idle  wheel,  any  two  wheels  which  are  not  so  large  as 
to  touch  each  other  may  be  put  into  connection ;  so  that  by  a 
proper  choice  of  numbers  of  teeth,  the  number  of  different  ratios 
may  be  made  equal  to  the  product  of  the  number  of  different 
wheels  that  can  be  fitted  on  one  shaft  into  the  number  that  can 
be  fitted  on  the  other  after  the  first  has  been  fitted. 

Change-wheels  are  frequently  arranged  so  as  to  be  thrown  into 
or  out  of  gear  by  shifting  the  whole  series  longitudinally  along 
with  the  shaft  that  carries  them.  For  example,  in  ^g,  222  A  A 
and  BB  are  a  pair  of  parallel  axes;  and  the  transverse  lines 
marked  1,  2,  3,  ic,  represent  the  radii  of  two  series  of  change- 
wheels  carried  by  shafts  turning  about  those  axes  respectively. 
To  each  wheel  of  one  series  there  corresponds  a  wheel  in  the  other 
series,  marked  with  the  same  figure ;  and  any  such  pair  can  be 
thrown  into  gear  when  required,  by  shifting  the  shaft  A  longitudir 
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Dally.  To  place  the  wheels  on  the  shafts  so  as  to  occapy  the  least 
possible  spaoe^  the  following  roles  are  to  be  observed : — Let  6  denote 
the  breadth  of  the  rim  of  a  wheel,  plus  a  small  allowance  for  clear- 
ance. Bange  the  radii  of  the  wheels  on  A  in  snoh  a  manner  thai 
the  greatest  shall  be  in  the  middle^  with  a  diminishing  series  on 
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Fig.  222. 

each  side  of  it.  Then,  commencing  at  the  two  ends  of  the  doable 
series,  make  the  two  endmost  intervals  between  the  middle  planes 

of  the  wheels  on  the  axis  A  (1  2  and  7  6  in  the  figure),  each  =  6 ; 

the  pair  of  intervals  next  them  (2  3  and  6  5  in  the  figure),  each 

=  2  6;  the  next  pair  (3  4  and  5  4),  each  =  3  6;  and  so  for  any 
number  of  intervab  that  may  be  required.  Then  make  the  in- 
terval between  the  middle  planes  of  each  pair  of  wheels  on  the  axis 
B  gi'eater  by  <me  breadthy  b,  than  the  corresponding  interval  on  the 
axis  A« 

272.  Cfcaaglac  Bfced  hj  Baais  waUi  Palteys. — ^The  most  convenient 
way  of  changing  the  velocity-ratio  of  rotation  of  a  tiair  of  shafts, 
where  absolute  precision  in  the  ratio  is  not  required,  is  by  means 
of  *^ speed-cones"  which  have  already  been  described  in  Article  175, 
page  185.  When  a  series  of  pulleys  is  used  with  radii  changing 
step  by  step,  the  motion  must  be  stopped  in  order  to  shift  the  band 
from  one  pair  of  pulleys  to  another;  and  thb  is  applicable  to  cords 
as  well  as  to  belts.  When  tapering  conoidal  pulleys  are  used,  the 
belt  can  be  shifted,  and  the  velocity-ratio  gradually  changed,  while 
the  machinery  is  in  motion;  and  this  is  applicable  to  belts  only. 

273.  €hi»giac  scMke  ta  UakwMrk. — The  principles  upon  which 
the  length  of  stroke  in  linkwork  depends  have  been  explained  in 
Article  186,  page  197.  When  a  piece  receives  a  reciprocating 
motion  from  a  lever,  a  crank,  or  an  eccentric,  the  simplest  way  of 
changing  the  length  of  stroke  is  to  change  the  distance  of  the  con- 
nected point  in  the  lever,  crank,  or  eccentric,  from  its  axis  of 
motion.  In  the  case  of  a  continuously  rotating  crank  or  eccentric, 
this  can  be  done  by  means  of  an  adjusting  screw,  the  motion  being 
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stopped  "when  an  alteratioii  is  to  be  made;  but  in  tbe  case  of  a 
reciprocatiDg  lever,  tbe  pin  to  wbicb  tbe  connecting-rod  is  jointed 
may  be  carried  by  a  stud,  capable  of  sliding  in  a  slot  in  tbe  lever, 
and  baving  its  position  in  tbat  slot  adjusted  by  means  of  a  rod  and 
a  handle  wbicb  can  be  sbifted  wbile  the  machinery  is  in  motion. 
Sufficient  examples  of  the  latter  kind  of  action  have  already  been 
given  under  tbe  head  of  link-motions,  in  Article  240,  pages  253  to 
260. 

Fig.  223  represents  a  train  of  linkwork  proposed  by  Willis,  for 
adjusting  the  velocity-ratio 
and  comparative  length  of 
stroke  of  two  reciprocating 
points.  The  points  to  be 
connected  are  marked  D 
and  £;  and  D  A  and  E  A 
are  their  lines  of  stroke, 
intersecting  each  other  in 
A.  A  B  is  a  train-arm 
centred  at  A,  and  capable 
of  being  adjusted  to  any 
required  angular  position. 
At  £,  the  cfther  end  of  the 
train-arm,  is  centred  the 
reciprocating  lever  B  C, 
equal  in  length  to  B  A,  and 
connected  with  tbe  points 
D  and  E  by  tbe  links  C  D 
andCK 

While  the  lever  B  C  oscillates  through  a  small  angle  to  either 
side  of  B  A,  the  motions  of  D  and  E  are  very  nearly  equal  to  the 
component  motions  of  C  along  A  D  and  A  E  respectively;  tbat  is 
to  say,  wo  have,  at  any  given  instant^  the  following  proportion 
very  nearly  exact  :— 

Velocity  of  C :  velocity  of  D :  velocity  of  B 
::         BA         :         BF  BG; 

in  which  B  F  and  B  G  denote  tbe  lengths  of  perpendiculars  let 
&U  from  B  on  A  D  and  A  E  respectively;  and  the  same  propor- 
tions hold  very  nearly  for  the  lengths  of  stroke  of  those  three 
points;  hence  those  proportions  can  be  made  to  assume  any  re- 
quired value  while  the  mechanism  is  in  motion,  by  adjusting  the 
position  of  the  train-arm  A  R 

274.  Ckmmt$mu   8p«e«    with    njirmmlU    €«BBectlmk— The    COm- 

parative  speed  of  a  piston  driven  by  a  fluid  may  be  altered  by 
altering  the  number  of  driving-pistons  which  force  the  fluid  into 
the  cvlinder  of  tbe  driven  piston  at  the  same  time.     For  example 


Fig.  828. 
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in  some  hydraulic  presses  it  is  desirable  to  diminish  step  by  step 
the  ratio  which  the  velocity  of  the  press-plunger  bears  to  that  m 
the  pump-plungers;  and  that  is  done  by  forcing  water  into  the 
press-cylinder  at  first  by  means  of  several  pumps  at  onoe,  and 
diminishing  their  number  as  the  process  goes  on,  until  at  last  only 
one  is  kept  at  work. 


Addendum  to  Abticle  267,  Page  30& 

siM«-TaiTes. — Another  class  of  rotating  slide-valves  is  that  ia 
which  the  seat  of  the  valve  forms  part  of  a  cylindrical  sni&oe, 
usually  concave;  the  face  of  the  valve  foi-ms  an  arc  of  a  correspond- 
ing cylindrical  surface,  convex  when  the  seat  is  concave ;  and  the 
reciprocating  motion  of  the  valve  takes  place  by  rocking,  or  oscillat- 
ing rotation,  about  the  axis  of  the  cylindrical  surfiace&  The  "  Cor- 
liss "  valves  are  an  example  of  this. 

A  straight-sliding  slide-valve  and  its  seat  are  also  sometimes  of 
a  cylindrical  form,  the  reciprocating  motion  taking  place  parallel 
to  the  axis  of  the  cylinder. 

There  are  instances  of  plane-faced  slide-valves  which  have  motions 
of  curvilinear  translation,  produced  by  aggregate  combinations  of 
linkwork :  for  example.  Hunt's  slide- valves. 
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denote  the  science  of  forces,  whether  employed  in  balancing  each 
other  or  in  producing  motion.  The  ensuing  Chapters  will  contain 
the  special  application  of  those  principles  to  machines.^ 

276.  F«vcc«— AdiMi  MKi  Bc-acy«M.— Every  force  is  an  action 
exerted  between  a  pair  of  bodies,  tending  to  alter  their  condition 
as  to  relative  rest  and  motion;  and  it  is  exerted  equally,  and  in 
contrary  directions,  upon  each  body  of  the  pair.  That  is  to  say, 
if  A  and  B  be  a  pair  of  bodies  acting  mechanically  on  each  other, 
the  force  exerted  by  A  upon  B  is  equal  in  magnitude  and  contrary 
in  direction  to  the  force  exerted  by  B  upon  A.  This  principle  is 
sometimes  called  the  equality  of  acUan  and  rt-adion.  It  is  analo- 
gous to  that  of  relative  m'otion,  explained  in  Article  42,  page  21. 

The  forces  chiefly  to  be  considered  in  machines  are  the  follow- 
ing:— 

I.  Gravity,  exerted  between  the  parts  of  the  machine,  fixed  and 
moving,  and  the  whole  mass  of  the  earth.  The  action  of  the  earth 
on  the  machine  alone  requires  to  be  considered  in  practice;  for 
although  the  re-action  of  the  machine  on  the  earth  is  equal  and 
opposite,  the  enormous  mass  of  the  earth,  as  compared  with  the 
machine,  causes  the  effects  of  that  re-action  to  be  inappreciable. 
This  is  the  only  case  in  which  re-action  may  be  disr^iarded* 

II.  Forces  exerted  betioeen  parts  of  the  macliine  and  corUigtiouM 
external  bodies,  solid  or  fluid.  Sometimes  those  bodies  support 
the  foundations  of  the  machine:  sometimes  they  drive  the 
machinery ;  as  when  the  impulse  or  the  pressure  of  a  fluid  drives 
an  engine:  sometimes  they  are  moved  by  it;  as  in  the  lifting  of 
loads,  the  overcoming  of  friction  against  external  bodies,  the 
working  of  machine  tools,  &c 

III.  Forces  exerted  between  a  moving  piece  and  the  frany^  at 
their  bearing  surfaces.  These  forces  may  be  distinguished  into 
pressure  and  friction.  By  the  pressures  exerted  by  the  bearings 
the  moving  piece  is  kept  in  its  proper  place  and  path;  by  friction 
its  motion  is  resisted.  The  equal  and  opposite  re-actions  of  the 
moving  piece  on  the  frame  tend  to  strain  the  frame;  and  the 
making  of  the  frame  so  as  to  be  capable  of  bearing  them  involves 
questions  of  strength,  belonging  to  the  Third  Part  of  this  treatise. 

IV.  Forces  exerted  bet\joeen  connected  moving  pieces.  These  too 
may  be  distinguished  into  pressure  and  friction. 

When  exerted  along  the  line  of  connection,  they  serve  to  trans- 
mit motion  and  motive  power;  when  exerted  transversely  to  it, 
they  pix>duce  either  a  straining  effect^  or  a  waste  of  mechanical 
work,  or  both.  Here  the  equality  of  action  and  re-action  is  of 
great  importance.  The  force  which  is  exerted  between  a  driver 
and  a  follower  along  their  line  of  connection  is  a  driving /oree^ 
otherwise  called  an  effort,  as  regards  the  motion  of  the  follower, 
netanoe  as  regards  the  motion  of  the  driver. 
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V.  Forces  exerted  between  the  different  porta  of  one  pieocy 
whether  fixed  or  moving.  These  constitute  the  stress,  by  which 
the  piece  resists  the  tendency  of  the  forces  applied  to  it  externally 
to  overstrain  it  or  to  break  it;  and  they  belong  to  the  subject  of 
the  Third  Part 

277.  Fotcm,  h«w  l»«tarnilac4  amd  ExptcMed. — ^A  force,  as  re- 
spects one  of  the  two  bodies  between  which  it  acts,  is  determined, 
or  made  known,  when  the  following  three  things  are  known 
respecting  it:— jirst,  the  plaice,  or  part  of  the  body  to  which  it 
is  applied;  secondly,  the  direction  of  its  action;  thirdly,  its 
magnitude. 

The  Place  of  the  application  of  a  force  to  a  body  may  be  the 
whole  of  its  volnme,  as  in  the  case  of  gravity ;  or  the  surface  at 
which  two  bodies  touch  each  other,  or  the  bounding  surface 
between  two  parts  of  the  same  body,  as  in  the  case  of  pressure, 
tension,  shearing  stress,  and  friction. 

Thus  every  force  has  its  action  distributed  over  a  certain  space, 
either  a  volume  or  a  surface ;  and  a  force  concentrated  at  a  single 
point  has  no  real  existence.  Nevertheless,  in  investigations  respect- 
ing the  action  of  a  distributed  force  upon  the  position  and  move- 
ments, as  a  whole,  of  a  rigid  body,  or  of  a  body  which  without 
error  may  be  treated  as  rigid,  like  the  solid  parts  of  a  machine, 
fixed  or  moving,  that  force  may  be  treated  as  if  it  were  con- 
centrated at  a  point  or  points,  determined  by  suitable  pro- 
oeases;  and  such  is  the  use  of  those  numerous  propositions  in  statics 
which  relate  to  forces  concentrated  at  points;  or  single  forces,  as 
they  are  called 

The  DnuEcnoK  of  a  force  is  that  of  the  motion  which  it  tends 
to  produce.  A  straight  line  drawn  through  the  point  of  applica- 
tion of  a  single  force,  and  along  its  direction,  is  the  line  of  action 
of  that  force. 

The  Magnitudes  of  two  forces  are  equal  when,  being  applied  to 
the  same  body  in  opposite  directions  along  the  same  line  of  action, 
they  balance  each  other. 

The  magnitude  of  a  force  is  expressed  arithmetically  by  stating 
in  nnmben  its  ratio  to  a  certain  unit  or  Handard  of  force,  which 
for  practical  purposes  is  usually  the  tceight  (or  attraction  towards 
the  earth),  at  a  certain  latitude,  and  at  a  certain  level,  of  a  known 
mass  of  a  certain  material.  Thus  the  British  unit  of  force  is  the 
siandard  pound  avoirdupois;  which  is  the  weight,  in  the  latitude 
of  London,  of  a  certain  piece  of  platinum  kept  in  a  public  office. 
(See  the  Act  18  and  19  Vict,  cap.  72;  also  a  paper  by  Professor 
W.  H.  Miller,  in  the  Fhihsophioal  Transactions  for  1856.) 

For  the  sake  of  convenience,  or  of  compliance  with  custom,  other 
units  of  weight  are  occasionally  employed  in  Britain,  bearing  certain 
ratios  to  the  standard  pound;  such 
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The  grain  =  Wsw  of  a  poand  avoirdnpou. 
The  troy  pound  -  5,760  grains  s  0-82285714  pound  aroiidupoia 
The  hundredweight  =112  pounds  avoirdupoia 
The  ton  =  2,240  pounds  avoirdupoia 

The  French  standard  of  weight  is  the  kilogramme,  which  is  the 
weight,  in  the  latitude  of  Paris,  of  a  certain  piece  of  platinum  kept 
in  a  public  office.  It  was  originally  intended  to  be  the  weight  of 
a  cubic  decimetre  of  pure  water,  measured  at  the  temperature  at 
which  the  density  of  water  ia  greatest — viz.,  4°*1  centigrade,  or 
39°'4  Fahrenheit,  and  under  the  pressure  which  supports  a  baro- 
metric column  of  760  millimetres  of  mercury;  but  it  is  in  reality  a 
little  greater. 

A  comparison  of  French  and  British  measures  of  weight  and  of 
size  is  given  in  a  table  at  the  end  of  this  volume. 

A  kilogramme  is  2*20462125  Iba  avoirdnpoia 
A  pound  avoirdupois  is  0'4o359 26525  of  a  kilogramma 

For  scientific  purposes,  forces  are  sometimes  expressed  in 
Absolute  Units.  The  "Absolute  Unit  of  Force"  is  a  term  used  to 
denote  the  force  which,  acting  on  an  unit  of  mass  for  an  unit  of 
time,  produces  an  unit  of  velocity. 

The  unit  of  time  employed  is  always  a  second. 

The  unit  of  velocity  is  in  Britain  one  foot  per  second;   in 

France  one  m^tre  per  second. 
The  unit  of  mass  is  the  mass  of  so  much  matter  as  weighs  one 
unit  of  weight  near  the  level  of  the  sea,  and  in  some 
definite  latitude. 
In  Britain  the  latitude  chosen  is  that  of  London ;  in  France, 

that  of  Paris. 
In  Britain  the  unit  of  weight  chosen  is  sometimes  a  grain, 
sometimes  a  pound  avoirdupois;  and  it  is  equal  to  32*187 
of  the  corresponding  absolute  units  of  forcei     In  France  the 
unit  of  weight  chosen  is  either  a  gramme  or  a  kilogramme, 
and  it  is  equal  to  9-8087  of  the  corresponding  absolute 
units  of  force.     Each  of  those  co-efficients  is  denoted  by  the 
letter  g. 
A  single  force  may  be  represented  in  a  drawing  by  a  straight 
line;  the  position  of  the  line  showing  the  line  of  action  of  the  force, 
and  an  arrow-head  its  direction ;  a  point  in  the  line  marking  the 
point  of  application  of  the  force ;  and  the  length  of  the  line  repre- 
senting the  magnitude  of  the  force. 

^  277  A.  niMiMirM  mi  F«rce  avd  fflUMi. — If  by  the  unit  of  force 
18  understood  the  weight  of  a  certain  standard,  such  a3  the 
avoirdupois  pound,  then  the  mass  of  that  standard  is  1  -r  ^;  and 
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the  tmit  of  mass  is  g  times  the  mass  of  the  standard;  and  this 
is  the  most  convenient  system  for  calcuktions  connected  with 
mechanical  engineering,  and  is  therefore  followed  in  the  present 
work. 

But  if  we  take  for  the  unit  of  mass,  the  mass  of  the  standard 
itself,  then  the  unit  of  force  is  the  ahsolute  unit;  and  the  weight  of 
the  standard  in  such  units  is  expressed  by  g;  forg  is  the  velocity 
which  a  body's  own  weight,  acting  unbalanced,  impresses  on  it 
in  a  second.  This  is  the  system  employed  in  many  scientific 
writings,  and  in  particular,  in  Thomson  and  Tait*s  Natural  PhUo- 
9ophy,  It  has  great  advantages  in  a  scientific  point  of  view ;  but 
its  use  in  calculations  for  practical  purposes  would  be  inconvenient, 
because  of  the  prevailing  custom  of  expressing  forces  in  terms  of 
the  standard  of  weight 

278.  BcMilttuit  Mid  CeMF«BeBt  Fmtcm— Thdr  nEagaHade. — The 

Resultant  of  any  combination  of  forces  applied  to  one  body  is  a 
single  force  capable  of  balancing  that  single  force  which  balances 
the  combined  forces;  that  is  to  say,  the  resultant  of  the  combined 
forces  is  equal  and  directly  opposed  to  the  force  which  balances  the 
combined  forces,  and  is  equivalent  to  the  combined  forces  so  far  as 
the  balance  of  the  body  is  concerned.  The  combined  forces  are 
called  campanenta  of  their  resultant. 

The  resultant  of  a  set  of  mutually  balanced  forces  is  nothing. 

The  magnUitdea  and  directions  of  a  resultant  force  and  of  its  com* 
ponents  are  related  to  each  other  exactly  in  the  same  manner  with 
the  velocities  and  directions  of  resultant  and  component  motions; 
and  all  the  rules  of  Article  41,  pages  18  to  21,  are  applicable  to 
forces  as  well  as  to  motions,  and  need  not  be  repeated  here.   . 

As  to  the  position  of  the  resultant,  if  the  components  act  through 
one  point,  the  resultant  act«  through  that  point  also ;  but  if  the 
components  do  not  act  through  one  point,  the  position  of  the 
resultant  is  to  be  found  by  methods  which  will  be  stated  further 
on. 

The  following  are  additional  rules  as  to  resultant  and  component 
forces  not  explicitly  given  in  Article  41 : — 

I.  If  the  component  forces  act  along  ona  line,  all  in  the  same 
direction,  their  resaltant  is  equal  to  their  sum ;  if  some  act  in  one 
direction  and  some  in  the  contrary  direction,  the  resultant  is  their 
dUgei/raical  mm;  that  is  to  say,  add  together  separately  the.  forces 
which  act  in  the  two  contrary  directions  respectively ;  the  difference 
of  the  two  sums  will  be  the  amount  of  the  resultant,  and  its 
direction  will  be  the  same  with  that  of  the  forces  whose  sum  is 
the  greater.  This  principle  applies  also  to  the  magniifidea  and 
directions  of  parallel  forces  not  acting  in  one  line. 

II.  Triangle  oj  Fiyrces. — Given,  the  directions  of  three  forces 
which  balance  each  other,  acting  in  one  plane  and  through  one 
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point ;  construct  a  triangle  whose  sides  make  tlie  same  angles  with 
each  other  that  the  directions  of  the  forces  do;  the  proportions  of 
the  forces  to  each  other  will  be  the  same  with  those  of  the  cor- 
responding sides  of  that  triangle.  Unless  three  forces  act  in  one 
plane  and  through  one  point,  tbey  cannot  balance  each  other. 

To  solve  the  same  question  by  calculation ;  let  A,  B,  C,  stand 
for  the  magnitudes  of  the  three  forces;  A  O  fi»  B  O  C,  C  O  A,  for 
the  angles  between  their  directions;  then 

8inBOC:sinOOA:8inAOB::A:B:C. 

Each  of  those  three  forces  is  equal  and  opposite  to  the  resultant 
of  the  other  twa 

IIL  Fclygcn  of  Forces, — ^To  find  the  resultant  of  any  number 
(Fp  F^  Fg,  &C.,  fig.  224),  of  forces  in  different  directions^  acting 
through  one  point,  O.  Commence  at  the  point  of  application,  and 
construct  a  chain  of  lines  representing  the  forces  in  magnitude, 
and  parallel  to  them  in  direction,  (O  A  =  and  ||  F.,  A  B  =  and 
II  Fj,  B  C  =  and  ||  F3,  dsa)    Let  D  be  the  end  of  that  chain;  join 

^  3         O  D ;  this  will  represent  the  required 

^      I^^7\       resultant;  and  a  force  (F^)  equal  and 

*^^^^^^    y^,*'"'^  /   \     opposite  to  O  D  will  balance  the  given 

*^ — ^--^0  forces.     This  rule  applies  to  the  pnh 

r^^/^  \_^^^^^^*><>/^     j^iona  of  the  forces  on  any  given 

— idC^''''^'  *  plane. 

^^  To  solve  the  same  question  by  cal- 

Fig.  224.  culation  instead  of  by  construction  : — 

IV.  (When  the  forces  act  in  one 
plane,)  Assume  any  two  directions  at  right  angles  to  each  other 
as  axes;  resolve  each  force  into  two  components  (A,  Y)  along  those 
axes;  take  the  resultants  of  those  components  along  the  two  axes 
separately  (2  X,  2  T);  these  will  be  the  rectangwar  eomponcnU 
of  the  reeuliarU  B,  of  all  the  forces;  that  is  to  say, 

B=>y/{(SX)»  +  (SY)*}j 

and  if  «  be  the  angle  which  R  makes  with  X, 

2X     .  2Y 

COB  •  =  -^-;  am  •  =  ~g-. 

Y.  (When  the  forces  act  in  different  planes,)  Assome  any 
three  directions  at  right  angles  to  each  other  as  axes;  resolve  each 
force  into  three  components  (X,  Y,  Z)  along  those  axes;  take  the 
resultants  of  the  components  along  the  three  axes  separately  (2  X, 
2  Yy  2  Z);  these  will  be  the  rectangtiiar  companenis  of  the  reeuiiasU 
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of  all  the  forces;  and  its  magnitude  and  direction  will  be  giren  by 
^e  following  equations: — 

R=W   /(2X)2  +  (2:Y)2  +  (2Z)2l. 

2X         ^      2Y  2Z 

coe«  =  -^;  co8^  =  -|^;  cosy  =  -^. 

979.  €««i»lM.— In  fig.  225,  let  F,  F  represent  a  couple  of  equal, 
parallel^  and  opposite  forces,  applied  to  a  rigid  body,  and  not  acting 
in  the  same  Une;  L,  the  perpendicular 
distance  between  their  lines  of  action; 
then  F  is  the  force  of  the  couple,  L  the  p 
arm^  spatty  or  leverage;  and  the  product 
force  X  leverage  »  F  L  is  the  sUUical 
tnoment  of  the  couple,  which  is  right  or 
left-handed  according  as  the  couple  tends  ^  p.  225 
to  impress  right-handed  or  leftrhanded 
rotation  on  the  body  (Article  48,  page  25).  All  the  forces  which 
produce  and  resist  the  motion  of  rotating  pieces  in  a  machine 
act  in  couples.  Couples  of  equal  moment  acting  in  the  same 
direction  and  in  the  same  plane^  or  in  parallel  planes^  are  eguivalerU 
to  each  other. 

Comparison  of  Measures  of  Statical  Moment, 

EOogmniDMra. 

Inch-lb.  s 0*011521 

12=  I    Ft-lb.  = 0-138254 

112=:         9^  ~       I  Inch-cwt.  = 1*29037 

1,344=      11^    =    12  s=    I    Foot-cwt  s 15*4844 

2,240  ^      i86|  =    20  =     1%  -    I  Inch-ton  » 25*8074 

26,880  =  2,240    =  240  =20    =  12  =  I  Foot-ton  =309*689 

L  To  find  the  fssultant  moment  of  any  number  of  couples 
acting  on  a  rigid  body  in  the  same  plane,  or  in  parallel  planes. 
Take  the  sums  of  the  right-handed  and  left-haiided  moments 
separately ;  the  difference  between  those  sums  will  be  the  result- 
ant  moment,  which  will  be  right-handed  or  left-handed  according 
to  the  direction  of  the  moments  whose  sum  is  the  greater. 

IL  To  represent  the  moment  of  a  couple  by  a  single  line.  Upon 
any  line  perpendicular  to  the  plane  of  the  couple,  set  off  a  length 
proportional  to  the  moment  (O  M,  fig.  225),  in  sudi  a  direction 
that  to  a  spectator  looking  from  O  towards  M  the  couple  shall 
seem  right-handed*     The  line  O  M  is  called  the  axis  of  the  couple. 

Coujues  as  represented  by  their  axes  are  compounded  and  re- 
solved like  velocities,  and  like  single  forces^  by  the  Bules  ol 
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Fig.  226. 


Article  41,  pages  18  to  21,  and  by  those  of  Article  278,  page 
S19. 

IIL  To  fiad  the  resultant  of  a  single  force,  F,  applied  to  a  rigid 
body  at  O,  and  a  couple,  M,  acting  on  the  same  body  in  the  same 

or  in  a  parallel  plane.  Conceive 
the  force  F  to  be  shifted  ia 
that  plane,  parallel  to  itself,  to 
the  left  if  the  couple  is  right- 
handed,  to  the  right  if  the  couple 
is  left-handed,  through  a  dis- 
tance, O  A,  found  by  dividing 
M  by  F.  The  shifted  siiii^e 
force,  F  acting  through  A,  will 
be  the  resultant  required. 

(The  combination  of  a  single 
force  with  a  couple  acting  in  a  plane  perpendicular  to  the  line  of 
action  of  the  foree  cannot  be  further  simplified) 

lY.  To  I'esolve  a  single  force  into  a  single  force  acting  in  a  dif- 
ferent but  parallel  line,  and  a  couple.  In  fig.  227,  let  F  be  the 
given  force  acting  in  the  line  £  D,  and  B  a  given  point  not  in  E  D. 
Through  B  conceive  a  pair  of  equal  and  contrary  forces  to  act  ii> 
a  line  parallel  to  ^  D;  viz.,  +  F  equal  to  F  and  in  the  same 

direction ;  and  —  F  equal  to  F  and  in  the  con- 
ti'ary  direction ;  also^  let  fall  B  A  perpendicular 
to  £  D.  Then  the  original  force  F  acting  through 
A  is  resolved  into  the  equal  and  parallel  force  F 
acting  through  B,  and  the  couple  of  forces  F  and 
—  F,  with  the  arm  A  B  and  moment  F  x  A  B; 
which  couple  is  right  or  left-handed  according  as 
B  lies  to  the  right  or  left  of  F,  relatively  to  a 
1^  sf)ectator  looking  in  the  direction  towards  which 
Fact& 

F  X  A  B  is  called  the  mamerU  of  the  force  F 
relatively  to  tfie  poirU  B;  or  relatively  to  the 
axie  O  X  traversing  B  in  a  direction  perpen- 
dicular to  the  plane  of  F  and  A  B;  or  relatively 
to  a  plane  traversing  B  perpendicularly  to  A  B. 
F«TCM. — ^I.  To  find  the  resultant  of  two  parallel 
forces.  The  resultant  is  in  the  same  plane  with,  and  parallel  to, 
the  components.  It  is  their  sum  or  difference,  according  as  they 
act  in  the  same  or  contrary  directions ;  and  in  the  latter  case  its 
direction  is  that  of  the  greater  component  To  find  its  line  <^ 
action  by  construction,  proceed  as  follows : — Fig.  *22S  representing 
the  case  in  which  the  components  act  in  the  same  direction,  ^. 
229  that  in  which  they  act  in  contiaty  directiona  Let  A  D  and 
B  S  be  the  componenta     Join  A  £  and  B  D,  cutting  each  other 


Fig.  227. 
280. 
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in  F.     In  B  D  (prodaoed  in  fig.  229)  take  B  G  =  D  F.   ThroagH 
O  draw  a  line  parallel  to  the  components;  this  will  be  the  line  of 


action  of  the  resultant     To  find  its  magnitude  by  constructions 
I)arallel  to  A  £^  draw  B  C  and  D  H,  cutting  the  line  of  action 
of  the  resultant  in  C  and  H;  C  H  will  represent  the  resultant 
required;  and  a  force  equal  and  opposite  to  G  H  will  balance  A  I> 
and  BE. 

To  find  the  line  of  action  of  the  resultant  by  calculation ;  make 
either 


B0  = 


AD    DB        ^^       BEDB 
-:  or  D  G  =  - 


OH 


CH 


When  the  two  given  parallel  forces  are  opposite  and  equal,  they 
form  a  couple,  and  have  no  single  resultant 

IL  To  find  the  relative  proportions  of 
three  parallel  forces  which  balance  each  other, 
acting  in  one  plane:  their  lines  of  action 
being  given.  Across  the  three  lines  of  action, 
in  any  convenient  position,  draw  a  straight 
line  A  C  B,  fig.  230,  and  measure  the  dis- 
tances between  the  points  where  it  cuts  the  3^ 
lines  of  action.  Then  each  force  will  be  pro* 
portional  to  the  distance  between  the  lines 
of  action  of  the  other  twa  The  direction  of 
the  middle  force,  C,  is  contrary  to  that  of  the 
other  two  forces,  A  and  R 

In  sjnnbols,  let  A,  B,  and  0  be  the  force*;  thesi. 


F1C.Sfa. 
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A  +  B  +  C  =  0;AB:BC:CA::C:A:B. 

Ettch.  of  the  three  forces  is  equal  and  oppodte  to  the  resultant  of 

the  other  two;  and  each  pair  of  forces  are 
equal  and  opposite  to  the  components  of  the 
third.  Hence  this  role  serves  to  resolve  a 
given  force  into  two  parallel  components 
I   acting  in  given  lines  in  the  same  plane. 

UL  To  find  the  reUtive  proportions  of  four 
parallel  forces  which  balance  each  other,  not 
acting  in  one  plane :  their  lines  of  action  being 
given.     Conceive  a  plane  to  cross  the  lines  of 
Fig. 231.  action  in  any  convenient  position;  and  in 

fig:  231  or  fig.  232,  let  A,  B,  C,  D  represent 

the  points  where  the  four  lines  of  action  cut  the  plane.     Draw  the 

j^  six  stzaight  lines  joining  those  four  points   hj 

pairs.     'Hien  the  force  which  acts  through  each 

point  will  be  proportional  to  the  area  of  the  triangle 

»B  formed  by  the  other  three  points. 

In  fig.  231  the  directions  of  the  forces  at  A,  B, 
and  G  are  the  same,  and  are  contraiy  to  that  of 
the  force  at  D.     In  fig.  232  the  forces  at  A  and  D 
act  in  one  direction,  and  those  at  B  and  C  in  the 
contrary  direction. 
In  symbols^ 

A  +  B  +  C  +  D  =  0; 

BCD:CD  A:D  AB:ABO 

L     :      B      ;      C      :      D. 


•  ■ 


Each  of  the  four  forces  is  equal  and  opposite  to  the  resultant 
of  the  other  three;  and  each  set  of  three  forces  are  equal  and 
opposite  to  the  components  of  the  fourth.  Hence  the  rule  serves 
to  resolve  a  force  into  three  parallel  components  not  acting  in  one 
plane. 

lY.  To  &nd  the  JXesuUatUo/any  number  of  ParaBd  Fareei.  For 
the  magnitude  and  direction  of  the  resultant  take  the  algebraical 
sum  of  the  components  as  if  they  acted  along  one  line  (Article 
278,  page  319).  This  may  be  denoted  by  R  =  2  F.  For  the 
position  of  the  resultant  proceed  as  follows: — In  any  plane  per- 
pendicular to  the  lines  of  action  of  the  parallel  forces  take  an  axis 
ilf  moments  in  any  convenient  position.  Multiply  each  component 
force  (F)  by  its  perpendicular  distance  (x)  from  that  axis,  so  as  to 
obtain  its  moment  (F  x)  relatively  to  the  axis.  Mark  those 
moments  as  positive  or  negative  according  to  the  direction  in  which 
they  tend  to  turn  the  body  to  which  they  are  applied  about  the 
•zis;  and  take  their  algebraical  sum,  which  will  be  the  resuUani 
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mament^Mi  ==  2*  Fa;).  Divide  the  resultant  moment  bj  the  result- 
ant force;  the  quotient  will  be  the  perpendicular  distance  of  the 
line  of  action  of  the  resultant  from  the  axis  of  moments;  viz : — 

M     2    Fa; 
*<>~R""    2F  * 

The  algebraical  sign  of  this  distance  will  indicate  its  direction.    . 

Take  another  axis  of  moments  in  the  same  plane,  and  per- 
pendicular to  the  first  axis;  and  by  a  similar  operation  find  the 
perpendicular  distance  of  the  resultant  from  the  second  axis. 
The  position  of  the  resultant  will  then  be  completely  deter* 
mined. 

If  R  =r  0,  the  resultant  is  a  couple.  If  M  =  0,  the  line  of 
action  of  the  resultant  traverses  the  axis  of  moments. 

281.  SpccMc  GniTitT— HmiWmcm— i^cBsitjr— BMikiMCM. — L  Specific 
Gravity  is  the  ratio  of  the  weight  of  a  given  bulk  of  a  given  sub- 
stance to  the  weight  of  the  same  bulk  of  pure  water  at  a  standard 
temperature.  In  Britain  the  standard  temperature  is  62^  Fahr.  =: 
16^-67  Cent  In  France  it  is  the  temperature  of  the  maximuiu 
density  of  water  =  3**-94  Cent  =  39*^-1  Fahr. 

In  rising  from  39°'l  Fahr.  to  62"  Fahr.,  pure  water  expands  in 
the  ratio  of  1-001118  to  1 ;  but  that  difference  is  of  no  consequence 
in  calculations  of  specific  gravity  for  engineering  purpo8e& 

II.  The  Heaviness  of  any  substance  is  the  weight  of  an  unit  of 
volume  of  it  in  units  of  weight.  In  British  measures  heaviness  is 
most  conveniently  expressed  in  lbs,  avoirdupois  to  the  cubic  foot;  in 
French  measures,  in  kilogrammes  to  the  cubic  decimHre  (or  to  Uie  litre). 
The  values  of  the  heaviness  of  water  at  39^*1  Fahr.,  and  at  62^ 
Fahr.,  are  respectively  62*425  and  62*355  lbs.  to  the  cubic  foot 

III.  The  Density  of  a  substance  is  either  the  number  of  units  of 
mass  in  an  unit  of  volume,  in  which  case  it  is  equal  to  the  heavi- 
ness,— or  the  ratio  of  the  mass  of  a  given  volume  of  the  substance 
to  the  mass  of  an  equal  volume  of  water,  in  which  case  it  is  equal 
to  the  specific  gravity.  In  its  application  to  gasesj  the  term 
'*  Density  *'  is  often  used  to  denote  the  ratio  of  the  heaviness  of  a 
given  gas  to  that  of  air,  at  the  same  temperature  and  pressure. 

lY.  The  BuUciness  of  a  substance  is  the  number  of  units  of 
volume  which  an  unit  of  weight  fills;  and  is  the  reciprocal  ofiKs 
heaviness.  In  British  measures  bulkiness  is  most  conveniently 
expressed  in  cubic  fed  to  the  lb.  avoirdupois;  in  French  measures^ 
in  cubic  decimetres  (or  in  litres)  to  tlte  kilogramme. 

Rise  of  temperature  produces  (with  certain  exceptions)  increase  of 
bulkiness.  The  following  are  examples  of  rates  of  expansion  in  bulk, 
in  rising  from  the  freezing  to  the  boiling  point  of  water:  that  is 
from  0""  Cent  or  32*"  Fahr.,  to  lOO""  Cent  or  212''  Fahr.  The  lineat 
expansion  of  a  solid  body  is  one-third  of  its  expansion  in  bulk. 
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Perfect  gases,  0*365 ;  air  at  ordinaiy  pressures,  0'366 ;  water, 
0-04775;  spirit  of  wine,  01112 ;  mercury,  0018153 ;  oil,  linseed 
and  olive,  0*08 ;  wrought  iron  and  steel,  0-0036 ;  cast  iron,  0*0033 ; 
copper,  0-0055;  bronze,  0  0054;  brass,  0  0065:  brick,  common, 
0-0106;  fire-brick,  00015;  glass,  00027. 

Table  of  Hsatiness  abd  Specific  Gravitt. 

Wai^toTaeabie 
foocia 

Oases,  at  33'  Fahr.,  and  under  one  atmosphere : —  "*■  •▼o'»*"po*«- 

Air, 0-080728 

Carbonic  acid, 0*12344 

Hydrogen, 0*005592 

Oxygen, 0*089256 

Nitrogen, 0*078596 

Steam  (ideal), 0-05022 

Liquids,  at  32"  Fahr.  (except  Water,  Wei^  a  cuWc  spedfle 

which  is  taken  at  39°-i  Fahr.) : —  iim AyoiidnpoiB.       pure  mav  =  t. 

Water,  pure,  at  39'''i, 62*425  I'ooo 

„      sea,  ordiniuy, ^4*05  1-026 

Alcohol,  pure, 49*38  0-791 

„        proof  spirit, 57*18  0-916 

^ther, 4470  0716 

Mercury, 84875  13*59^ 

Naphtha, 53*94  0*848 

OH,  linseed, 58-68  0-940 

n    oMve, 57*12  0-915 

„    whale, 57-62  0-923 

„    of  turpentine, 54'3i  0-870 

Petrolenin, 54*81  0-878 

Solid  Mineral  Substances,  non-metallic : — 

Brick, 125  to  135  2  to  a-167 

Brickwork, 112  1-8 

Coal,  anthracite 100  1*602 

„     bituminous,....; 77*4  to  89*9  1-24  to  1-44 

Coke,. 62'43to  103-6  I'oo  to  1-66 

Olass,  crown,  average, 156  2*5 

n     flinty           9>       187  3*0 

„     green,        „      169  27 

„     plate,         „      169  27 

Granite, 164  to  172  2-63  to  2-76 

Limestone  (including  marble),  1 69  toi75  2*7to2-8 

„          magnesian, 178  a-86 

'^^^aanry, 116  to  144  1-85  to  2.3 
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SOUD    MlHSRAL   SOBSTANCES^   non-  ^'^^Si'*"*  gS^^ 

metallic— ^OnlmiMci.  Htm.  mroMaxpOUL  pan  waterV  X. 

Mortar, 109  175 

Saad(dainp)y 118  1-9 

„     {dry), 88-6  i-4a 

Sandstone,  average, 144  2:3 

„         ▼mrions  kinds, 130  to  157  at>8  to  2*52 


Metals,  solid : — 

Brass,  cast, 48710524-4  7-8108*4 

>»      ^""Wf 533  8;54 

Bronxe, 524  8-4 

Copper,  cast, 537  8*6 

„       sheet, 549  8*8 

,y       hammered, 556  8*9 

Gold, 1186  to  1224  19  to  19*6 

Iron,  cast,  yarions, 434^0456  6-95107-3 

„        average 444  7-11 

Iron,  wrought,  Tarions, 47410487  7-6107*8 

„            avenge, 480  7-69 

Lead, 71a  ii'4 

Platinum, 1311  lo  1373  31  lo  22 

Silver, 655  10-5 

Steel, 487  lo  493  7-8  lo  7-9 

"Kn, 456  to  468  7-3  lo  7*5 

Zinc, 424  lo  449  6-8107*2 

TlMBKB :— • 

Ash, 47  0753 

Bamboo, 25  0*4 

Beech, 43  0-69 

Box, 60  0-96 

Elm, 34  0544 

Fir:  Bed  Pine, 301044  0*48100-7 

„      Spmoe, 30I044  0*48100-7 

„       American  Tellow  Pine,  29  0-46 

„      Isnh, 31^35  0-5100-56 

Idiahoganj,  Hondnraa, 35  0*56 

„           Spanish, 53  0-85 

Oak,  European, 43  to  62  0*69  to  0-99 

„     American,  Bed, 54  0*87 

Teak, 41  to  55  o-66  lo  o*88 

Willow, 25  0-4 

Yew, 50  0-8 

•  The  Timber  ia  erefy  case  is  smuwe d  lo  be  dry. 


328  btkamics  of  xachinsbt, 

Weight  of  Cubes,  Bods,  Plates,  Babs,  axd  Spherbl 

A.  a  a         D.        EL        r. 

CuWc  Bod,  iBar,      ,  iTrfe.     Cobic    ?£^ 

Inch.        ItClSog      Ifkxl  ^'ifi"-     foot      i£? 

Ibi.  n».  Ibft  Ibft  Ite. 

Brass, cast,  average,...  0*398  2*81  3*58  43*0  516  0156 

„    wire, 0-308  2-91  370  44-4  533  0162 

Bronze 0-303  2-86  3-64  437  524  0159 

Copper,  sheet, 0-318  2-99  3-81  4575  549  o-i66 

„      hammered,....  0-322  3-03  3-86  46-3  556  o-i68 

Iron,  cast,  average,....  0-257  ^"4^  3'o8  37-0  444  0-134 

Iron,wrought,avei'age,  0-278  2-62  3-33  40-0  480  0*146 

Jjesid 0-4x2  3-88  4-94  59-3  712  o-2i6 

Steel,  average, 0-283  ^'^7  3'40  40'8  490  0148 

Tin,  average 0-267  2-52  3-21  38-5  462  0140 

Zinc,  average, 0-252  2-38  3-03  36-3  436  0132 

282.  CeaiTO  •r  GniTlty— ai«BieBt  •£  Weight.— BuLB  I. — The  centre 
of  gravity  of  a  body  of  uniform  heaviness  is  its  centre  of  msgnitade. 
(S^  supplement  to  this  Chapter,  page  334.) 

Bulb  IL — ^To  find  the  moment  of  a  body's  weight  relativelj  to 
a  given  p^aTM  o/momenla  ;  multiply  the  weight  by  the  perpendicokr 
distance  of  the  body's  centre  of  gravity  from  the  given  plane. 

Note. — In  comparing  together  or  combining  the  momeDts  of 
weights  which  lie  some  at  one  side  and  some  at  the  other  side  of  a 
plane  of  moments,  those  moments  are  to  be  distinguished  into 
positive  and  negative,  according  to  the  sides  of  the  pluie  at  which 
the  weights  lie. 

Bulb  IIL — To  find  the  common  centre  of  gravity  of  a  set  of 
detached  bodies ;  find  their  several  moments  relatively  to  a  con- 
venient fixed  plane ;  find  the  resultant  of  those  moments  by  adding 
together,  separately,  the  positive  and  n^pative  moments,  and  taking 
the  difference  between  the  two  sums,  which  will  be  positire  or 
negative  according  as  the  positive  or  n^pative  sum  is  the  greater. 
Divide  that  resultant  moment  by  the  total  weight ;  the  quotient 
will  be  the  perpendicular  distance  of  the  common  centre  of  gravity 
from  the  fixed  plane ;  and  its  positive  or  n^ative  sig^  will  show  at 
which  side  of  the  plane  that  centre  lies.  If  necessary,  repeat  the 
same  process  for  a  second  and  a  third  fixed  plane,  so  as  to  dete^ 
mine  the  position  of  the  required  centre  completely.  The  tvo  or 
three  planes  (as  the  case  may  be)  are  usually  taken  perpendicalar 
to  each  other. 

Bulb  IV. — ^To  find  the  centre  of  gravity  of  a  body  consistiiig  of 
parts  of  unequal  heaviness;  find  separately  the  oentces  of  tboae 
P*rt8,  and  treat  them  as  detached  weights  by  Bute  IIL 
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283.  The  Ccatw  •/  Pnwnj  in  a  plane  surface  is  the  point 
traversed  by  the  resultant  of  a  pressure  that  is  exerted  at  that 
surface. 

Rule. — Conceive  that  upon  the  pressed  surface  as  a  base,  there 
stands  a  prismatic  solid  of  a  height  at  each  point  of  that  surface 
proportibnal  to  the  intensity  of  the  pressure;  the  point  in  the 
pressed  surface  at  the  foot  of  a  perpendicular  from  the  centre  of 
magnitude  of  the  solid  (see  supplement  to  this  Chapter)  will  be  the 
centre  of  pressure. 

When  the  intensity  is  uniform,  the  centre  of  pressure  is  at  the 
eenire  qf  magnitude  of  the  pressed  sur&ce. 

284.  The  c^Mitre  ^r  Ba^yaacr  of  a  solid  wholly  or  partly  immersed 
in  a  liquid  is  the  centre  of  gravity  of  the  mass  of  liquid  displaced. 
The  resultant  pressure  of  the  liquid  on  the  solid  is  equal  to  the 
weight  of  liquid  displaced,  and  is  exerted  vertically  upwaixls 
through  the  centre  of  buoyancy. 

285.  The    Bcmllaat    •€    m  matrShmUd    F«rc«. — ^I.   To  find  the 

resultant  of  a  body's  weight;  find  the  centre  of  gravity  of  the  body; 
the  resultant  will  be  a  single  force  equal  to  the  weight,  acting 
vertically  downwards  through  the  centre  of  gravity. 

II.  To  find  the  resultant  of  a  pressure;  find  the  centre  of 
pressure  (as  in  Article  283);  the  resultant  will  be  a  single  force 
equal  in  amount  to  the  pressure,  and  acting  in  the  same  direction 
and  through  the  centre  of  pressure.  The  amouni  of  the  pressure 
is  equal  to  the  area  of  the  pressed  surface,  multiplied  by  the  mean 
intensity  of  the  pressure,  and  is  also  equal  to  the  weight  of  the 
imaginary  prismatic  solid  mentioned  in  Article  283. 

286.  The  iBteasliy  •fPranire  is  expressed  in  units  of  weight  on 
the  unit  of  area :  as  pounds  on  the  square  inch,  or  kilogrammes 
on  the  square  mdtre;  or  by  the  height  of  a  column  of  some 
fluid ;  or  in  atmosphereSf  the  unit  in  this  case  being  the  average 
pressure  of  the  atmosphere  at  the  level  of  the  sea.  (See  Article 
302.) 

287.  PitoclplM  BcUittac  tm  Tariedi  BffcttoB. — An  unbalanced  force 
applied  to  a  body  produces  change  of  momentum  equal  in  amount 
to  and  coincident  in  direction  with  the  impulse  exerted  by  the 
force.  Imptdse  is  the  product  of  the  force  into  the  time  during 
which  it  acts  in  seconda  Momentum  is  the  product  of  the  mass  of 
a  body  into  its  velocity  in  units  of  distance  per  second.  As  to  the 
units  of  force  and  of  mass,  see  Article  277a,  page  318.  A  body 
receiving  an  impulse  fv-octo  against  the  body  giving  the  impulse, 
with  an  equal  and  opposite  impulse.  The  foUowing  are  rules  based 
on  the  equality  of  impulse  and  momentum : — 

I.  To  find  what  impulse  is  required  to  produce  a  given  change 
in  the  velocity  of  a  given  mass;  multiply  the  mass  by  the  change 
in  its  velocity,  in  units  of  distance  per  second. 
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(If  the  change  consiBtB  in  acceleratioD,  the  impulse  most  be 
forward ;  if  in  retardation,  backward.) 

II.  To  calculate  what  unbalanced  effort  or  unbalanced  reaiet- 
lince,  as  the  case  may  be,  is  required  to  produce  a  given  increase  or 
diminution  of  a  body's  speed  in  a  given  time  or  in  a  given  distance. 

Case  I. — If  the  time  is  given;  multiply  the  weight  of  the  mass 
by  its  change  of  velocity;  divide  by  g,  and  by  the  time  in  seconds. 

Case  II. — If  the  distance  is  given ;  multiply  the  weight  of  the 
mass  by  the  phange  in  the  half-square  of  its  velocity,  and  divide  by 
g,  and  by  the  distance.     (For  values  of  ^,  see  page  318.) 

III.  To  find  the  re-action  of  an  accelerated  or  retarded  body; 
find  the  force  required  to  produce  the  change  of  velocity;  the 
•re-action  will  be  equal  and  opposita 

The  momentum  and  re-action  of  a  body  of  any  figure  undei^ing 
trandoHon  are  the  same  as  if  its  whole  mass  were  concentrated  at 
its  centre  of  gravity. 

The  principles  of  this  and  the  following  Article  will  be  further 
explained  and  exemplified  in  the  next  Chapter. 

288.  l»«TiM«di  B^itoB  Mid  GouriAv^  fmmi. — ^To  make  a  body 
move  in  a  curve,  some  other  body  must  guide  it  by  exerting  on  it 
a  deviating  /ores  directed  towards  the  centre  of  curvature.  The 
revolving  body  re-acts  an  the  guiding  body  with  an  equal  and 
opposite  centrt/ugal  farce. 

To  find  the  deviating  and  centrifugal  force  of  a  given  mass 
revolving  with  a  given  velocity  in  a  circle  of  a  given  radios : — 
multiply  the  weight  of  the  mass  by  the  square  of  its  linear  velocity, 
and  divide  by  the  radius;— or  otherwiee:  multiply  the  mass  by  the 
square  of  its  angular  velocity  of  revolution^  and  multiply  by  the 
radius: — the  result  will  be  the  value  of  the  deviating  and  centrir 
fngal  forces  iu  absolute  units,  which  may  be  converted  into  units 
of  weight  by  dividing  by  g. 

The  resultant  eentri/iigal/creeoiskrig^d  body  of  any  shape  is  the 
same  in  amount  and  direction  (though  not  the  same  in  distribution) 
'  as  if  the  whole  mass  were  collected  at  its  centre  of  gravity. 

288  A.  Vailtac  Bsdtoa. — ^The  following  rules  apply  to  a  body  fidl- 
ing  without  sensible  resistance  from  the  air : — 

I.  To  find  the  velocity  acquired  at  the  end  of  a  given  time ; 
multiply  the  time  in  seconds  by  g  (see  page  318). 

XL  To  find  the  height  of  fall  in  a  given  time;  multiply  the 
square  of  the  time  in  seconds  by  ^  ^  =  16*1  feet  =  4'904  metres. 

III.  To  find  the  height  of  fidl  corresponding  (or  <'  due ")  to  a 
given  velocity;  divide  the  half-square  of  the  velocity  by  g, 

TV.  To  find  the  velocity  due  to  a  given  height;  multiply  the 
height  by  2  g,  and  extract  the  square  root. 

,J2q  ss  8-025  feet  =  4*429  mdtre& 
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Table  of  Hbicsbb  ikjb  to  YsLOCiriBSL 

V  =  Velocity  in  feet  per  seooncL 
h  =  Hei^t  in  feet  r=r  v<  ^  644. 

This  table  is  exact  for  latitude  54|%  and  near  enough  to  exaot* 
ness  for  practical  purposes  in  all  parts  of  the  earth's  surface. 
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which  breadths  will,  of  coarse,  be  one  more  in  naniber  than  the 
intervals.  (For  example,  in  fig.  233,  the  length  of  the  figure  is 
divided  into  ten  equal  intervals,  and  eleven  breBtdths  are  measured 
at  ho,  5p  &G.)  Then  the  following  rules  are  exacts  if  the  sides 
^  of  the  figure  are  bounded  by  straight  lines,  and  by 

parabolic  curves  not  exceeding  the  third  degree,  and 
v^«»       are  approximate  for  boundaries  of  any  other  figures. 
h         Rule  A.     {''Simpson: 8  First  Ride;'  to  be  used 
1^   when  the  number  of  intervals  is  even.)--- Add  together 
^    the  two  eudmost  breadths,  tioiee  every  second  iuter- 
^»      mediate  breadth,  and ybur  times  each  of  the  remain- 
hg  ing  intermediate  breadths;  multiply  the  sum  by  the 
6^  common  interval  between  the  breadths,  and  divide  by 
3 ;  the  result  will  be  the  area  required. 

For  two  intervals  the  multipliers  for  the  breadths 
are  1,  4,  1;  for  four  intervals,  1,  4,  2,  4,  1;  for  six 
intervals,  1,  4,  2,  4,  2,  4,  1 ;  and  so  on.  These  are 
called  "  Simpson's  Multipliers.* 

Rule  R  {"  Simpson* s  Second  Rule^'  to  be  used 
when  the  number  of  intervals  is  a  multiple  of  3.] 


Fig.  nz. 


Add  together  the  two  endmost  breadths,  twice  every  third  inter- 
mediate breadth,  and  thrice  each  of  the  remaining  intermediate 
breadths;  multiply  the  sum  by  the  common  interval  between  the 
breadths,  and  by  3;  divide  the  product  by  8;  the  result  will  be 
the  area  required. 

'^Simpson's  multipliers"  in  this  case  are,  for  three  intervals, 
1,  3,  3,  1;  for  six  intervals,  1,  3,  3,  2,  3,  3,  1;  for  nine  intervals^ 
1,  3,  3,  2,  3,  3,  2,  3,  3,  1;  and  so  on. 

Rule  C.  (''  McnifiddHs  Trapezoidal  Euky"  for  calculating  sepa- 
rately the  areas  of  tiie  parts  into  which  a  figure  is  subdivided  by 
its  equidistant  ordinates  or  breadtha)— Write  down  the  breadths 
in  their  order.  Then  take  the  differences  of  the  successive  breadths, 
distinguishing  them  into  positive  and  negative  according  as  the 
breadths  are  increasing  or  diminishing,  and  write  them  opposite 
the  intervals  between  the  breadths.  Then  take  the  differences 
of  those  differences,  or  second  differences^  and  write  them  opposite 
the  intervals  between  the  first  differences,  distingmshing  them  into 
positive  and  negative  according  to  the  following  principles : — 
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Second  Diffaraooa 


Positive  increasing,  or  )  Pn«Jf;v«. 

Negative  diminishing,  / i-oaitive. 

Negative  increasing,  or )  Va«t;v«. 

Positive  diminishing,     / iN^atave. 

In  the  column  of  second  differences  there  will  now  be  two  blanks 
opposite  the  two  endmost  breadths;  those  blanks  are  to  be  filled  up 
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-with  ntimbeis  each  forming  an  arithmetical  progression  with  the 
two  adjoining  second  differences  if  these  are  unequal^  or  equal  to 
them  if  thej  are  equal 

Divide  each  second  difference  by  12;  this  gives  a  correction, 
which  is  to  be  subtracted  from  the  breadth  opposite  it  if  the  second 
difference  is  positive,  and  cuided  to  that  breadth  if  the  second 
difference  is  native. 

Then  to  find  the  area  of  the  division  of  the  figure  contained 
between  a  given  pair  of  ordinates  or  breadths;  mvUiply  the  half 
sum  of  the  corrected  breadths  by  the  interval  hettoeen  tliem. 

The  area  of  the  whole  figure  maj  be  found  either  by  adding 
together  the  areas  of  all  its  divisions,  or  by  adding  together  the 
halves  of  the  endmost  corrected  breadths,  and  the  whole  of  the 
intermediate  breadths,  and  multiplying  the  sum  by  the  common 
interval 

In  sjnnbols,  let  y  be  an  actual  breadth,  and  1/  the  corresponding 

corrected  breadth ;  then  y'  =  t/  "  fa  ^^  t/' 

Ruus  D.  {"Common  Trapezoidal  Etde,^*  to  be  used  when  a 
rough  approximation  is  sufiicient) — Add  together  the  halves  of  the 
endmost  breadths  and  the  whole  of  the  intermediate  breadths,  and 
multiply  the  sum  by  the  common  interval. 

290.  T«  HMMre  the  T«iBBie«rwi7S«iM-— Method  I.  By  Layers. 
—Choose  a  straight  axis  in  any  convenient  position.  (The  most 
convenient  is  usually  parallel  to  the  greatest  length  of  the  solid.) 
Divide  the  whole  length  of  the  solid,  as  marked  on  the  axis,  into  a 
convenient  number  of  equal  intervals,  and  measure  the  sectional 
area  of  the  solid  upon  a  series  of  planes  crossing  the  axis  at  right 
angles  at  the  two  ends  and  at  the  points  of  division.  Then  treat 
those  areas  as  if  they  were  the  breadths  of  a  plane  figure,  applying 
to  them  Rule  A,  B,  or  C  of  Article  289,  page  332 ;  and  the  result 
of  the  calculation  will  be  the  volume  required.  If  Rule  C  is  used, 
the  volume  will  be  obtained  in  separate  layers. 

Method  II.  By  Prisms  or  Columns  {"  Woollej/s  Htde"), — ^Assume 
a  plane  in  a  convenient  position  as  a  base,  divide  it  into  a  network 
of  equal  rectangular  divisions,  and  conceive  the  solid  to  be  built  of 
a  set  of  rectangular  prismatic  columns,  having  those  rectangular 
divudons  for  their  sectional  areas.  Measure  the  thickness  of  the 
solid  at  the  centre  and  at  the  middle  of  each  of  the  sides  of  each  of 
those  rectangular  columns;  add  together  the  doubles  of  all  the 
thicknesses  before-mentioned,  which  are  in  the  interior  of  the  solid, 
and  the  simple  thicknesses  which  are  at  its  boundaries;  divide  the 
sum  by  six,  and  multiply  by  the  area  of  one  rectangukr  division 
of  the  basa 

291.  T«]ircMn«  the  x«ca«Ui«r«i7  Carre. — Divide  it  into  short 
arcSy  and  measure  each  of  them  by  Rule  I  of  Article  51,  page  28. 
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292.  €«■!!«  •£  mmMmhmdm    G— wl  PriMipl«»^Bjr  the  magfd- 

Uide  of  a  figure  is  to  be  understood  its  length,  area,  or  Tolome^ 
accordiDg  as  it  is  a  line,  a  surface,  or  a  solid. 

The  CeTUre  of  MagnUuds  of  a  figure  is  a  point  such  that^  if  the 
figure  be  divided  in  any  way  into  equal  parts,  the  distance  of  the 
centre  of  magnitude  of  the  whole  figure  from  any  given  plane  is 
the  mean  of  the  distances  of  the  centres  of  magnitude  of  the  several 
equal  parts  from  that  plana 

The  GeamdriccU  Moment  of  any  figure  relatively  to  a  given  plane 
is  the  product  of  its  magnitude  into  the  perpendicular  distance  of 
its  centre  from  that  plane. 

I.  Symmetrical  Fignre. — If  a  plane  divides  a  figure  into  two 
symmetrical  halves,  the  centre  of  magnitude  of  the  figure  is  in  that 
plane;  if  the  figure  is  symmetrically  divided  in  the  like  manner 
by  two  planes,  the  centre  of  magnitude  is  in  the  line  where  thoee 
planes  cut  each  other;  if  the  figure  is  symmetrically  divided  by 
three  planes,  the  centre  of  magnitude  is  their  point  of  intersection ; 
and  if  a  figure  has  a  centre  of  figure  (for  example,  a  circle,  a  sphere, 
an  ellipse,  an  ellipsoid,  a  parallelogram,  &c.\  that  point  is  its  centre 
of  magnitude. 

II.  Compound  Figure, — To  find  the  perpendicular  distance  from 
a  given  plane  of  the  centre  of  a  compound  figure  made  up  of  parte 
whose  centres  are  known.  Multiply  the  magnitude  of  each  part 
by  the  perpendicular  distance  of  its  centre  from  the  given  plane ; 
distinguish  the  products  (or  geometrical  moments)  into  positive  or 
negative,  according  as  the  centres  of  the  parts  lie  to  one  side  or  to  the 
other  of  the  plane;  add  together,  separately,  the  positive  moments 
and  the  negative  moments :  take  the  difference  of  the  two  sums,  and 
call  it  positive  or  negative  according  as  the  positive  or  n^ative 
sum  is  the  greater;  this  is  the  resultant  moment  of  the  compound 
figure  relatively  to  the  given  plane;  and  its  being  positive  or  nega- 
tive s)iows  at  which  side  of  the  plane  the  required  centre  lies. 
Divide  the  resultant  moment  by  the  magnitude  of  the  compound* 
figure;  the  quotient  will  be  the  distance  required. 

The  centre  of  a  figui*e  in  three  dimensions  is  determined  by 
finding  its  distances  from  three  planes  that  are  not  parallel  to  each 
other.  The  best  position  for  those  planes  is  perpendicular  to  each 
other;  for  example,  one  horizontal,  and  the  other  two  cutting  each 
other  at  right  angles  in  a  vertical  line.  To  determine  the  centre 
of  a  plane  figure,  its  distances  from  two  planes  perpendicular  to  the 
plane  of  the  figure  are  sufficient. 

293.  Ceatra  •€  m  iPUuam  Arca«^To  find,  approximately,  the  centre 
of  any  plane  area. 

Rule  A. — Let  the  plane  area  be  that  represented  in  fig.  233  (of 
Article  289,  page  332).  Draw  an  axis,  A  X,  in  a  convenient 
))Osition,  divide  it  into  equal  intervals,  measure  breadtha  at  the 
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ends  and  at  the  points  of  division^  and  calculate  the  area,  aa  in 
Article  289. 

Then  multiply  each  breadth  by  ita  distance  from  one  end  of  the . 
axis  (as  A) ;  consider  the  products  as  if  they  were  the  breadths  of 
a  new  figure,  and  proceed  by  the  rules  of  Article  289  to  calculate 
the  area  of  that  new  figure.  The  result  of  the  operation  will  be 
the  geometrical  moment  of  the  original  figure  relatively  to  a  plane 
perpendicular  to  A  X  at  the  point  A 

Divide  the  moment  by  the  area  of  the  original  figure;  the 
quotient  wiU  be  the  distance  of  the  centre  required  from  the  plane, 
perpendicular  to  A  X  at  A.         . 

Draw  a  second  axis  intersecting  A  X  (the  most  convenient 
position  being  in  general  perpendicular  to  A  X),  and  by  a  similar 
process  find  the  distance  of  the  centre  from  a  plane  perpendicular 
to  the  second  axis  at  one  of  its  ends;  the  centre  will  then  be 
completely  determined. 

Rule  B. — ^If  convenient,  the  distance  of  the  required  centre 
from  a  plane  cutting  an  axis  at  one  of  the  intermediate  points  of 
division,  instead  of  at  one  of  its  ends,  may  be  computed  as  follows : — > 
Take  separately  the  moments  of  the  two  parts  into  which  that 
plane  divides  the  figure;  the  required  centre  will  lie  in  the  part 
which  has  the  greater  moment  Subtract  the  less  moment  from 
the  greater;  the  remainder  will  be  the  resiUtant  moment  of  the 
whole  figure,  which  being  divided  by  the  whole  area,  the  quotient 
will  be  the  distance  of  the  required  centre  from  the  plane  o£ 
division. 

Bemark. — ^When  the  resultant  moment  is  =  0,  the  centre  is  in 
the  plane  of  division. 

Rule  C. — ^To  find  the  perpendicular  distance  of  the  centre  from 
the  axis  A  X.  Multiply  each  breadth  by  the  distance  of  the 
middle  point  of  that  breadth  from  the  axis,  and  by  the  proper 
''Simpson's  Multiplier,"  Article  289,  page  331;  distinguish  the 
products  into  right-handed  and  left-handed,  according  as  the  middle 
points  of  the  breadths  lie  to  the  right  or  left  of  the  axis;  take 
separately  the  sum  of  the  right-handed  products  and  the  sum  of 
the  left-handed  products;  the  required  centre  will  lie  to  that  side 
of  the  axis  for  which  the  sum  is  Uie  greater;  subtract  the  less  sum 
from  the  greater,  and  multiply  the  remainder  by  ^  of  the  common 
interval  2*  Simpson's  first  nde  is  used,  or  by  f  of  the  common 
interval  if  Simpson's  second  rule  is  used  ;  the  product  will  be  the 
ruuUofU  moment  relatively  to  the  axis  A  X,  which  being  divided 
by  the  area,  the  quotient  will  be  the  required  distance  of  the  centre' 
from  that  axia* 

*  The  rules  of  this  Article  are  expressed  in  symboU,  ss  follows :— Let  x  and 
y  be  the  perpendicular  distuices  of  any  point  in  the  fOane  area  from  two 
planes  perpendicular  to  the  area  and  to  each  other,  and  x^  and  y«  the  per^ 
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294.  Ccatra  •fa  ▼•Ibbm. — To  find  the  perpendicular  distance  of 
the  centre  of  magnitude  of  any  solid  figure  from  a  plane  perpen- 
dicular to  a  given  axis  at  a  given  pointy  proceed  as  in  Rule  A  of 
the  preceding  Article  to  find  the  moment  relatively  to  the  plane, 
substituting  sectional  areas  for  breadths;  then  divide  the  moment 
by  the  volume  (as  found  by  Article  290)  ;  the  quotient  will  be  the 
required  distance. 

To  determine  the  centre  completely,  find  its  distanoes  from  three 
planes,  no  two  of  which  are  parallel.  In  general  it  is  best  that 
those  planes  should  be  perpendicular  to  each  other. 

295.  €«UM  •r  HiisiUtaide  •f  m  Caired  I«tae. — RULE  A« — To  find 

tipproacimately  the  Centre  of  Magni" 
tude  of  a  very  Flat  Curved  Line. — 
I    In  fig.  234,  let  A  D  B  be  the  arc. 
Draw  the  straight  chord  A  B,  which 
Fig. 234.  bisect  in  G;  draw  C  D  (the  d^Uo- 

Uon  of  the  arc)  perpendicular  to 
A  B;  from  D  lay  off  D  E  =:  ^  G  D;  £  will  be  veiy  nearly  the 
centre  required. 

This  process  is  exact  for  a  cycloidal  arc  whose  chord,  A  B,  is 
|Mtrallel  to  the  base  of  the  cycloid.  For  other  curves  it  is  approxi- 
mate. For  example,  in  the  case  of  a  circular  arc,  it  gives  D  E  too 
small ;  the  error,  for  an  arc  subtending  60%  being  about  ^  of  the 
deflection,  and  its  proportion  to  the  deflection  varying  nearly  as 
the  square  of  the  angular  extent  of  the  arc 

Ruus  R — When  the  Curved  Line  is  not  very  flaJt^  divide  it  into 

very  flat  arcs ;  find  their  several  centres  of  magnitude  by  Rule  A, 

and  measure  their  lengths ;  then  treat  the  whole  curve  as  a  com- 

{lound  figure,  agreeably  to  Rule  II.  of  Article  292,  page  334. 

296.  SFMiia  vigawfc — ^I.  Triangle  (fig.  235). — From  any  two  of 

^    the  angles  draw  straight  lines  to  the  middle 

^^^  j    points  of  the  opposite  sides;  these  lines  will 

^,y^\^:^ /    cut  each   other  in  the  centre  required;— -or 

-^Cllir   ***\  /     otherwise, — ^from  any  one  of  the  angles  draw 

■    -^     a  straight  line  to  the  middle  of  the  opposite 

Fig.  23ft.  side,  and  cut  off  one- third  part  from  that  line, 

commencing  at  the  side. 

XL  QuADBHiATEBAL  (fig.  236). — Draw  the  two  diagonals  A  G  and 

B  D,  cutting  each  other  in  R     If  the  quadrilateral  is  a  paiallelo- 

l^ram,  E  will  divide  each  diagonal  into  two  equal  parts,  and  will 

itaelf  be  the  centre.     If  not,  one  or  both  of  the  diagonals  will  be 

divided  into  unequal  parts  by  the  point  E.     Let  B  D  be  a 


pendicular  distances  of  the  centre  of  magnitade  of  the  area  from  the  same 
pUnes;  then 

«  ^y/g<fg<fy.  „  ^ffydxdy 

•       //dxdy*^^       S/dxdy' 
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Fig.  286. 


that  is  uneqnally  divided.  From  D  lay  off  D  F  in  that  diagonal 
=  B  R  Then  the  centre  of  the  triangle  F  A  C,  found  as  in  tho 
preceding  rule,  will  be  the  centre  required 

III.  Plane  Polygon. — Divide  it  into 
triaugles;  find  their  centres,  and  measure 
their  areas;  then  treat  the  polygon  as  a 
compound  figure  made  up  of  the  triangles, 
by  Kule  II.  of  Article  292,  page  334. 

lY.  Pbisv  or  Gyunder  with  Plane 
Parallel  Ends. — Find  the  centres  of  the 
ends;  a  straight  line  joining  them  will  be 
the  axis  of  the  prism  or  cylinder,  and  the 
middle  point  of  that  line  will  be  the  centre  required. 

Y.  Tetrahedron,  or  Triangular  Pyramid  (fig.  237). — Bisect 
any  two  opi)08ite  edges,  as  A  D  and  ^ 

B  0,  in  E  and  F;  join  E  F,  and  bisect 
it  in  G ;  this  point  will  be  the  centre 
required. 

YL  Any  Pyramid  or  Cone  with  a 
Plane  Base. — Find  the  centre  of  the 
base,  from  which  draw  a  straight  line 
to  the  summit;  this  will  be  the  axis  of 
the  ]>yramid  or  cone.  From  the  axis 
cut  off  one-fourth  of  its  length,  begin- 
ning at  the  base;  this  will  give  the 
centre  required. 

YII.  Any  Polyhedron  or  Plane-faced  Solid. — Divide  it  into 
pyramids;  find  their  centres  and  measure  their  volumes;  then 
treat  the  whole  solid  as  a  compound  figure  by  Hule  11.  of  Article 
290. 

YIII.  Circular  Arc. — In  fis.  238,  let  A  B  be  the  arc,  and  C 
the  centre  of  the  circle  of  which  it  is  part 
Bisect  the  arc  in  D,  and  join  C  D  and  A  B. 
Multiply  the  radius  C  D  by  the  chord  A  B, 
and  divide  by  the  length  of  the  arc  A  D  B; 
lay  off  the  quotient  C  E  upon  C  D ;  E  will  be 
the  centre  of  magnitude  of  the  arc. 

IX.  Circular  Sector,  C  A  D  B,  fig.  238. 
—Find  C  E  as  in  the  preceding  rule,  and 
make  C  F  =  §  C  £;  F  will  be  the  centre  re- 
quired. 

X.  SacTOR  of  a  Flat  Ring. — Let  r  be  the  external  and  /  the 

internal  radius  of  the  ring.     Draw  a  circular  arc  of  the  same 

2   f*  -  r*^ 
angular  extent  with  the  sector,  and  of  the  radius  -s  *  j'Z'^'* 

and  find  its  centre  of  magnitude  by  Kule  YIII. 


Fig.  23; 
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CHAPTER  IL 

OF  THE  PERFORMANCE  OF  WORK  BT  MACHINES. 

Section  I. — 0/ Resiitanoe  and  Work. 

297.  The  AcU««  •fa  nfacUae  is  to  piodaoe  Motion  agiunst  Beabt- 
ance.  For  example,  if  the  machine  is  one  for  lifting  solid  bodies^ 
such  as  a  crane,  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight:  if  ihe 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  friction,  or  from  Mction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surface  removed ;  and  so  of 
other  machinea 

298.  w«rk.  (if.  A£,f  513.) — The  action  of  a  machine  is  measared, 
or  expressed  as  a  definite  quantity,  by  multiplying  the  motion  which 
it  produces  into  the  resistance,  or  force  dirocUy  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  fiom  that 
multiplication  being  called  work. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  m> 
many  /ooi-pounds.  Thus  the  work  done  in  lifting  a  weight  of  one 
pound,  through  a  height  of  one  foot,  is  one  /ooirpound;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  osie 
himdred  feet,  is  20  x  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistanoes  overcome 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  hiio- 
gramm^rea,  one  kilogrammdtro  being  the  work  petfonned  in  lifting 
a  woi^t  of  one  kilogramme  through  a  heigbt  of  one  mdtre. 

The  following  are  the  proportions  amongst  those  units  of  distanro^ 
resistance,  and  work,  with  their  logarithms ;— 
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Logarithmt. 

One  mStre  =  3-2808693  feet, o'5i5989 

One  foot  =  0-30479721  metres, 1-484011 

One  kilogramme  =  2-20462  lbs.  avoirdupois, 0-343334 

One  lb.  avoirdupois  =  0-453593  kilogramme, 1-6^6666 

One  kilogrammdtre  =  7*23308  foot-pounds, 0-859323 

One  foot-potmd  =  0-138254  kilogramm^tres, i-i40'^77 

299.  The  Rate  •r  w«rk  of  a  machine  means,  the  quantity  of  work 
vhich  it  perfonns  in  some  given  interval  of  time^  such  as  a  seoond, 
a  minute,  or  an  hour  {A,  Jv.,  661).  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  unit  of  power  appn>> 
priated  to  its  expression^  called  a  horse-poweb,  which  is,  in  Britain, 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute^ 
or  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  acttud  or  real  horse-power,  to  distinguish  it 
from  a  nommal  horse-power,  the  meaning  of  whidii  will  afterwards 
be  explained.  It  is  greater  than  the  penormance  of  any  ordinary 
horse,  its  name  having  a  conventional  value  attached  to  it. 

In  France,  the  term  fobce  de  ghevai^  or  chevaitVAPEUB,  is 
^plied  to  the  following  rate  of  work : — 

Footrlbs. 

75  kilogrammdtres  per  second   »  542^ 

or  4,500  kilognanmdtres  per  minute  =        3^)549 
cr  270,000  kilogrammdtres  per  hour      =   19952,932 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

300.  TcIvcHt. — If  the  vdocUy  of  the  motion  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  Hie  pro- 
duct m  that  velocity  into  the  resistance  obviously  gives  the  rate  of 
work,  or  effective  power.  If  the  yelocitv  is  siven  in  feet  per  second, 
and  the  resistance  m  pounds,  then  their  proauct  is  the  rate  of  work 
in  foot-pounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
unita  of  time. 

It  is  usually  most  convenient,  for  puiposes  of  calculation,  to 
express  the  velocities  of  the  parts  of  machine!  either  in  feet  per 
second  or  in  feet  per  minute.  For  certain  dynamical  calculations 
to  be  afterwards  referred  to,  the  seoond  is  the  more  convenient 
nnit  of  time :  in  stating  the  performance  of  machines  for  practical 
purposes,  the  minute  is  the  unit  most  commonly  employed 
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Camper  Uon  of  l^ffsrent  Mecuura  of  VdocUy. 

MOes  Feet  Foet 

per  boar.  per  seoood.        per  minuta        per  hoob 

I  B   1-46         B     88         =  5a8o* 

0-6818         =1  B     60         B   3600 

•  •  • 

0*01136  =     0*016  a  I  s  60 

0'oooi893   =   0*00027   =a       0*016  =  I 

1  nautical  mile  ] 
per  hour,  or  >=  1*1508         =   i*688       ■■   101*27     =   6o'^6 
"knot," j 

The  units  of  time  being  the  same  in  all  civilized  countries,  the  pro- 
portions amongst  their  units  of  velocitj  are  the  same  with  thoM 
amonsst  their  linear  measures. 

301.   Work  la  Term*  of  AasaUir  91  •ti*a.   (A.  M,^  ^dS.W-When  a 

resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  tho 
fixed  axis)  is  called  the  mamerUy  or  sUUieal  tnomeni,  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
maj  be  called  a  foot-pound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  afoot-pound  of  work.  (Seep.  321.) 
Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  tarns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  ir  »  6-2832 

denote,  as  is  cnstomaiy,  the  ratio  of  the  circumference  of  a  drde  to 
its  radina  Then  the  distance  through  which  the  given  reaistanoo 
is  overcome  is  expressed  by 

the  leverage  x  2  «>  x  T  ; 

that  is,  by  the  product  of  the  circumference  of  a  drde  whoee  ndius 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  a  torn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  ovei^ 
come;,  gives  the  work  performed;  that  is  to  say, 

77ie  work  performed 
s=  the  reeielance  x  ^  leverage  X  3  '  X  11 
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But  tbe  product  of  the  resistanoe  into  the  leverage  is  what  is  called 
the  vwmad  of  the  resistance,  and  the  product  2  «>  T  is  called  th« 
anfida/r  modon  of  the  rotating  body;  consequently^ 

Tlie  work  performed 
=  Hie  momeni  qftite  reeistance  x  ^^  angular  motion. 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  convenient  than  the  direct.mode  already  explained  in 
Article  29a 

The  angular  motion  2  «>  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  called  its  angular  velocity;  that  is 
to  say,  angular  velocity  is  the  product  ofiik/e  turns  andjractums  of  a 
turn  made  in  an  unit  of  time  into  the  ratio  ^2  «>  =  6*2832)  o/tke 
eireumferenee  of  a  circle  to  its  radius.     Hence  it  appears  that 

Tlie  rate  ofvxyrh 
=  QiA  moment  qftlie  resistance  X  tJie  angular  velocity. 


302.   WMk  la  Terais  of  PrMsare  amJ  ¥«lanM.   (A,  1/.,  517.) — If 

the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it^  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion ;  or,  if  not^  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  through  which  its  centre  of  gravity 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  the 
space  traversed  by  the  piston. 

Hence  the  work  performed  by  a  piston  in  driving  a  fluid  before 
it^  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Hesietance  X  distance  traversed 

r=  intensity  of  pressure  x  a^'vs  X  distance  traversed; 

ss:  intensity  of  pressure  x  wdume  traversed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  diould  be  stated  in 
square  feet^  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  in 
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ponnds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 
and  the  volume  in  unitsy  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area;  that  is,  of  r^  of  a  cubic  foot 

in  volume. 

The  foUowing  table  gives  a  comparison  of  various  units  in  which 
the  intensities  of  pressures  are  commonly  expressed.    (A.  Af.,  86.) 

Poundf  on  tl»         Poondt  on  ths 
square  foot.  fqaan  inch. 

One  pound  on  the  square  inch, 144  i 

One  pound  on  the  square  foot, i  Ti« 

One  inch  of  mercury  (that  is,  weight 

of  a  column  of  mercury  at  32° 

Fahr.,  one  inch  high), 70*73  0*4912 

One  foot  of  water  (at  39°-l  Fahr.),         62*425  o'4335 

One  inch  of  water, • 5*2021  0*036125 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  760  millimetres,    2116*3  14*7 

One  foot  of  air,  at  32°  Fahr.,  and 

under  the  pressure  of  one  atmo- 

sphere,.« 0*080728  0*0005606 

One  kilogramme   on   the  square 

mdtre, •• 0*204813  0*00142231 

One  kilogramme   on   the   square 

millimetre,  ....• 204813  1422*31 

One  millimetre  of  mercury, 2*7847  0*01934 

303.  Alcdtaraical  BzpNMl«m  r«r  W«rk.  (A,  M.y  515,  517,  593.)— 

To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

s  denote  the  distance  in  feet  through  which  a  resistance  is  ovjer- 
come  in  a  given  time; 

B,  the  amount  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  t  =  2  «-  T  =  6*2832  T  the  angular  motion  in  the 
given  time  ;  and  let 

I  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
distance  of  the  line  along  which  it  acts  from  the  axis  of  motion; 
so  that  8  =  %l,  and  R  /  is  the  statical  moment  of  the  resistance.  Sup* 
poeing  the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  pistoui  and  p  the 
intensity  of  tlic  pressure  in  pounds  per  unit  of  area^ 
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Then  tihe  following  expreaeions  all  give  quantities  of  work  in  the 
given  time  in  foot-pounds : — 

Us;   iRZ;  />A«;  ipAl. 

The  last  of  these  expressions  is  applicable  to  a  piston  turning  on 
an  axis,  for  which  /  denotes  the  distance  from  the  axis  to  the  centre 

of  gravity  of  the  area  A.  \     mi.         • 

304  WOTk  affiaMK  M  ObmiBe  v«r«c  (i.  if.,  511.)— The  resiBt- 
ance  directly  due  to  a  force  which  acts  a^Bonst  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  be  called  a  laieral  force,  and  whidi 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  unless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  diiectiy  opposed  to  the  body's  motion,  which  is 
the  renstance  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 
In  ^g.  239,  let  A  repi-esent  the  point  at  which  a  resistance  is  over- 
come, A  B  the  direction  in  which 

that  point  is  moving,  and  let  A  F 
be  a  line    whose  direction    and 
length  represent  the  direction  and 
-,.^  239  magnitude    of   a  force  obliquely 

'"*   *  "  opposed    to    the    motion    of   A. 

From  F  upon  B  A  produced,  let  foil  the  perpendicular  F  R ;  the 
length  of  that  perpendicular  will  represent  the  magnitude^of  tho 
lateral  component  of  the  oblique  force,  and  the  length  A  R  will 
icprcacnt  the  direct  component  or  re8iBtano& 

The  work  done  against  an  oblique  resisting  force  may  also 
be  calculated  by  resolving  the  motion  into  a  direct  oomponeDt 
in  the  line  of  action  of  the  force,  and  a  transverse  component, 
and  multiplying  the  whole  force  by  the  direct  component  of  the 

motioiL 

305.  flsMMitflMi  •€  QawitiUrs  •£  w«rk* — In  every  machine,  resist- 

flnoei  are  orercome  during  the  same  interval  of  time,  by  differ^ 

ent  moving  piecea,  and  at  different  points  in  the  same  moving 

piece;  and  the  whole  work  performed  during  the  grren  interval  is 

found  by  addii^  together  uie  several  products  of  the  resifltanoes 

into  the  respective  d&tanoes  through  which  they  are  simultaneously 

(overcome.     It  is  convenient,  in  algebraical  symbols,  to  denote  tiie 

result  of  that  summation  by  the  symbol — 

2R«; (1.) 

ill  which  2  denotes  the  operation  of  taking  the  sum  of  a  set  ol 
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quantities  of  tlie  kind  denoted  b j  the  symbols  to  which  it  ia  pro- 
fixed. 

When  the  resistances  are  oyeroome  bj  pieces  turning  npon  axes, 
the  above  sum  maj  be  expressed  in  the  form — 

2»Ri; (2.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

I.  In  a  shifting  piece^  or  one  which  has  the  kind  of  movement 
called  trandaUon  only,  the  velocities  of  every  point  at  a  given  in- 
stant are  equal  and  pimdlel ;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  sum  of  the  retittaneea  into  the  motioa 
as  a  common  fstctor ;  an  operation  expressed  algebraically  thus — 

•  2R; (3.) 

IL  For  a  turning  piece,  the  angular  motions  of  all  the  points 
during  a  given  inteiral  of  time  are  equal;  and  the  work  performed 
is  to  be  found  by  multipljring  the  sum  of  the  momente  qftherrenst^ 
ancee  reUUivdy  to  the  cutis  into  the  angular  motion  as  a  common 
factor — an  operation  expressed  algebrai^ly  thus — 

»2R/j (4.) 

The  sum  denoted  by  2  '  B  2  is  the  total  moment  of  resistance  <ji  the 
piece  in  question. 

III.  In  every  train  of  mechanism,  the  proportions  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Ptirv 
Mechanism,  This  enables  a  calculation  to  be  performed  which  la 
called  reducing  the  resistances  to  the  driving  point;  that  is  to  say, 
determining  the  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  power  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistancea 

Suppose,  for  example,  that  by  the  principles  of  pore  mechanism 
it  is  round,  that  a  certain  point  in  a  machine,  where  a  resistanoe  R 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  » :  1  to 
the  velocity  of  the  driving  point  Then  the  work  performed  in 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  n  R 
were  overcome  directly  at  the  driving  point  If  a  similar  calcula- 
tion be  made  for  each  point  in  the  machine  where  resistance  is 
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crereome,  and  the  resultB  added  together,  as  the  foUowiog  Bymbol 
denotes : — 

a-nR, (5.) 

that  sum  is  the  equivalmU  resittanoe  at  the  driving  point;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 8,  then  the  work  performed  in  that  time  is — 

•  a  •  n  R (6.) 

The  process  above  described  is  often  applied  to  the  steam  engine^ 
hy  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  me^od  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalent 
momenta  at  the  driving  aade.  Thus,  let  a  resistance  R,  with  the 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion  bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  B  / ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overoomes  resistance,  and  the  results  added  to- 
gether, the  sum—— 

a-nR/ (7.) 

is  the  total  equivalent  moment  o/ resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
arc  i  to  radius  unity,  the  work  performed  in  that  time  is — 

ti-nR/. (8.) 

IV.  Centre  of  Gravity, — ^The  work  peiformed  in  lifting  a  body 
b  the  prvduct  of  the  weight  of  the  body  into  the  height  through  which 
its  centre  of  gravity  is  lifted.     (See  Article  282,  page  328.) 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
]ierformed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights  j  but  that  quantity  can  also  be  computed  by 

multiplying  the  turn  of  ail  Ute 
ujeights  into  the  h^ht  through 
tcAuA  tJieir  common  centre  of 
gravity  is  lifted. 

306.   BcvffVMMaltoa  •£  W«vk 

hj  ■■  ArMu — ^As  a  quantity  of 
work  is  the  product    of   two 
_  ^  '       quantities,  a  force  and  a  motion, 
Fig.  24  n  it  may  be  represented   by  the 

area  of  a  plane  figure^  which  is  the  product  of  two  dimensions. 


0  -- 


M   I   M   I   i    I 


346 


DYNAMICS  07  UACHINERT. 


Let  the  base  of  the  rectangle  A,  fig.  240,  represent  one  foci  of  motioiu 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
ose  foot-pound  of  -work. 

In  the  laiger  rectangle,  let  the  base  OS  represent  a  certain 
motion  «,  on  Uie  same  s^e  with  the  base  of  the  nnit-area  A;  and 

let  the  height  O  H  represent  a  certain  resistance  R,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 

times  that  the  rectangle  O  S  *  O  B  contains  the  unit-rectangle  A, 
express  the  number  of  foot-pounds  in  the  quantity  of  work  Rj^ 
which  is  performed  in  overcoming  the  resistance  R  through  the 
distance  8. 

.(i<.i/.,515.)— Infig.241, 


307.  W«rka«RlBatyarjrl 

let  distances  as  before,  be  re- 
presented by  lengths  measured 
along  the  base  line  O  X  of  the 
figure;  and  let  the  magnitudes 
of  the  resistance  overcome  at 
each  instant  be  represented  by 
the  lengths  of  ordmates  drawn 
perpendicular  to  O  X,  and  paral- 
lel   to   O  Y  :  —  For    example, 


s 


-X 


Fig.  241. 


when  the  working  body  has  moved  through  the  distance  repre- 
sented by  O  S,  let  the  resLstance  be  represented  by  the  ordinate  SR. 

If  the  resistance  were  constant,  the  summits  of  those  ordinates 
would  lie  in  a  straight  line  parallel  to  O  X,  like  R  B  in  fig.  240; 
but  if  the  resistance  varies  continuously  as  the  motion  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straight  or  curved,  such 
as  that  marked  ERG,  fig.  241,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  ocdng  represented  by 
the  ordinates  of  a  given  line  ERG,  let  it  now  be  requirod  to  deter- 
mine the  work  performed  against  that  resistance  during  a  motion 
represented  by  O  F  =  ». 

Suppose  the  area  OEGF  to  be  divided  into  bands  by  a  series  of 
parallel  ordinates,  such  as  A  0  and  BD,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  semted  outline, 
consisting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  approaor 
nuUing  to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  varying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  whidi 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  represented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
*y^^t  division :  for  example,  during  the  division  of  the  motion  re* 
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pveaaited  by  A  B,  let  the  reaistanoe  be  represented  by  A  C,  and  so 
for  other  diTisioiu, 

Then  the  work  performed  during  the  division  of  the  motion  re- 

presented  by  A  B,  on  the  snpposition  of  alternate  constancy  and 
abmpt  variation  of  the  resistance,  is  represented  by  the  rectangle 

AB'AC;  and  the  whole  work  performed,  on  the  same  supposition, 

during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  vaiiation  represented  by  the  continuous  line  E  G,  and  is  a 
elofl^r  approximation  the  closer  and  the  more  niunerous  the  parallel 
oidinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  p^ormed  against  the  conti- 
nuooaly  varying  resistance,  and  is  a  closer  approximation  the  closer 
•nd  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  dose  enough,  can  be  made  to  diifer  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  £  G,  and  i» 
a  closer  approximation  the  closer  and  the  more  numetx)us  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  leas 
than  any  given  difference. 

There/are  the  area  OEGF,  hounded  by  the  straight  line  O  F,  w?iich 
repreaenJts  the  motion,  hy  the  line  E  G,  whose  ordincUes  represent  the 
values  of  the  resistance,  andhy  the  two  ordinates  O  E  and  F  G,  repre- 
sents  exactly  the  work  performed.     (See  Article  289,  page  331.) 

The  MEAN  BEBI8TANCE  during  the  motion  is  found  by  dividing 

the  area  O  E  G  F  by  the  motion  Uh\ 

308.  Vacfiil  W«rk  mi4  i4«M  w«rk. — The  useful  work  of  a  ma- 
diine  is  that  which  is  performed  in  effecting  the  purpose  for  which 
the  machine  is  designed.  The  lost  work  is  that  whidi  is  performed 
in  producing  effects  foreign  to  that  purpose.  The  resistances  over- 
come in  performing  those  two  kinds  of  work  are  called  respectively 
vseftd  resistance  and  pr^udicial  resvttance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
np  its  total  or  gross  work. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted:  the  lost  work  is  that  performed  in 
overeoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
friction  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pimip  and  other  parts  of  the  engine. 
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For  example,  the  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  ahe 
moves :  the  lost  work  is  that  performed  in  overcoming  the  resiflt* 
ance  of  the  water  to  the  motion  of  the  propeller  through  it^  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine^ 
and  in  raising  the  temperature  of  the  condensation  water,  of  ^^ 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodie& 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  bo 
determined,  but  not  the  lost  work. 

309.  VHca«B.  (Partly  extracted  and  abridged  fmm  A,  IT,  189, 
190,  191,  204,  and  669  to  685).— The  most  frequent  cause  <£  loaa 
of  work  in  machines  is  friction — being  that  foix»  which  acts  be- 
tween two  bodies  at  their  suriaoe  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment: — 

The  /fiction  tMch  a  gwn  pair  of  solid  bodies^  wUh  fhsir  mirfacm 
in  a  given  condition,  are  capable  o/exerling,  ie  simply  prcporUonat 
to  (ke  force  unth  whidh  they  are  pressed  together. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressoie;  bat 
that  limit  ought  never  to  be  attained  at  the  beiaingi  of  any 
machine.  For  some  substances,  especially  those  whose  suzfiioeo 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfaces  when  sliding  on  each  other. 
That  excess,  however,  of  the  fridiion  of  rest  over  the  friction  q^ 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con* 
tinuous  loss  of  work. 

As  to  materials  for  hearings,  see  pages  462,  463,  464. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  bj 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-ejicient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per« 
pendicular  to  the  surfaces,  with  which  they  are  pressed  together ; 
andy  the  co-efficient  of  Miction;  then 
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R=/Q. (1.) 

The  oo-efficient  of  frictiQii  of  a  given  piur  of  sorfaces  is  the  tan* 
gent  of  an  angle  called  the  angle  qfrepoM,  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  9,  the  co-efficient 
of  friction  y  =  tan  0,  and  its  reciprocal  1  :/,  for  the  materials  of 
mechanism— condensed  from  the  tables  of  Greneral  Moiin,  and 
other  sources,  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  th»  firictton  of  motion,^    (See  pp.  399  and  476.) 


1 


Ko. 


1 

2 

8 

4 

6 

6 

7 

8 

9 

10 

11 

IS 

18 

14 

16 

16 

17 

18 

19 


SUBFACBa. 

Wood  on  wood,  dnr, 

„  „     soaped, 

Metals  on  oak,  dn*,  

ft  w      wet, 

n        •!     ■«*pyf 

Metals  OQ  elm,  dr}', 

Ilcmp  oo  oak,  dry, 

„  „     wet, 

Leather  on  oak, 

Leather  ou  metals,  dn', 

n  n         ^'^ 

ft  n        greasy, 

»f  n        oiij, 

Metals  on  metals,  dry, 

•»  ti        w«*» 

Smooth  surfaces,  occasionally  greased, 

„  „        conttnnaliy  greased, 

„  „        best  resalts, 

Bronze  on  lignum  vlt«,  constantly  wet, 


14**  to  261*' 
nj^toS* 
264''  to  81** 
ISf'toHj 

11J*» 
11J'=  to  14* 

28® 

18  J® 
15"  to  19^ 

29}» 

20'^ 

130 

81« 
Sj^'tolU 

161« 
4*  to  4i* 

8» 

IJ"  to  2« 

8"? 


/ 


•25  to  -5 

•2  to  -04 

■5  to  *6 

-24  to  '26 

•2 
-2  to  -25 

•58 

•83 
•27  to  -88 

•56 

•86 

•23 

•15 
•15  to  *2 

•3 
•07  to  -08 

•05 
•08  to  •Ode 

•05? 


1:/ 


4to2 

5  to  25 

2  to  1-67 

4-17  to  3-85 

5 

6  to  4 

1*89 

8 

8-7  to  2-86 

1-79 

9-78 

4-85 

6-67 

6-67  to  6 

8-38 

14-3  to  12-5 

20 

38-8  to  27-6 

20? 


*  In  a  paper,  of  which  an  abstract  appeared  in  the  CompUs  Rendu$  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1858,  M.  H.  Bochet 
deacribet  a  aeries  of  experiments  which  have  led  nimto  the  oonclusion,  that 
the  friction  between  a  pair  of  anriaces  of  iron  is  not,  as  had  formerly  been 
believed,  absolutely  independent  of  the  velocity  of  sliding,  bat  that  it 
diminishes  slowly  as  that  velocity  increases,  according  to  a  law  expressed  by 
the  following  formnla.     Let 

R  denote  the  friction ; 

Q,  the  pressure ; 

Vy  the  velocity  df  sliding,  in  mHres  p^r  second  a  velocity  in  &et  per  second 
X  0-3048; 

/,  a,  7,  constant  co-efficients ;  then 

R     /-¥  ya  V 
Q  *   1  +aw 

The  following  are  the  values  of  the  oo-effideDts  deduced  by  M.  Bochet  fram 
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310.  VBgaeiits. — ^Three  results  in  the  precediDg  table,  Noa.  1 6, 1 7. 
and  18,  have  reference  to  smooth  firm  sur&ces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  natoie  of 
the  solid  surfaces;  and  this  ought  almost  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heayy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  claAes,  as  foUows  : — 

I.  WcUer,  which  acts  as  an  unguent  on  surfaces  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oU,  whale  oil,  olive  oiL  The  v^;etable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oils. 

III.  Soapy  unguents,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  one  of  the  best  unguents  of  this  class  is  soft  soap,  made  finom 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  diy  and  become  stiff  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent,  of  water;  that  which  contains  40  or  50  per  cent, 
is  bad. 

lY.  Bituminoua'unguents,  in  which  liquid  mineral  hydrocarbons 
are  used  to  dissolve  and  dilute  oily  and  fatty  substances. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice : — 

Let  i;  be  the  velocity  of  sliding,  in  feet  per  second ;  p,  the  greatest 
proper  intensity  of  pressure,  in  lbs.  on  the  Square  inch;  then 

44800 
^  ~  60  t;  +  20' 

p  ought  not  in  any  case  to  exceed  1200. 

his  experiments,  for  iron  suriaces  of  wheels  and  skids  robbing  loogitadiiially 
on  iron  rails : — 

/,  for  dry  sor&oeB,  0*3,  0*25,  0*2;  for  damp  soifaceB,  0*14. 

a,  for  wneeli  sliding  on  rails,  0*03 ;  for  skios  sliding  on  rails,  0O7. 

y,  not  yet  deCennined,  but  treated  meanwhile  as  inappreciably  snialL 
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As  to  the  measurement  of  friction^  see  Article  348,  page  395. 

310  a.  VHcHmi  •€  m  BaadL — ^A  flexible  band  maj  be  used  either 
to  exert  an  effort  or  a  resistance  npon  a  drum  or  puUej.  In  either 
case,  the  tangential  force,  whether  effort  or  resiatanoe,  exerted 
between  the  band  and  the  puUej,  is  their  mutual  friction,  caused 
by  and  proportional  to  the  normal  pressure  between  them. 

In  fig.  242,  let  C  be  the  axis  of  a  pulley  A  B,  round  an  arc  of 
which  there  is  wrapped  a  band,  T^  A  B  T^  I  ^^^  ^^®  outer  arrow 
represent  the  direction  in  which  the  band  slides,  or  tends  to  slide, 
relatively  to  the  pulley,  and  the  inner  arrow  the  direction  in  which 
the  pulley  slides,  or  tends  to  slide,  relatively  to 
the  band. 

Let  T^  be  the  tension  of  the  free  part  of  the 
band  at  that  side  towards  which  it  tends  to  draw 
the  pulley,  or  from  which  the  pulley  tends  to 
draw  it;  Tj,  the  tension  of  the  free  part  at  the 
other  side;  T,  the  tension  of  the  band  at  any 
intermediate  point  of  its  arc  of  contact  with  the 
pulley ;  ^,  the  ratio  of  the  length  of  that  arc  to 
the  radius  of  the  pulley;  d  $y  the  ratio  of  an 
indefinitely  small  element  of  that  arc  to  the 
radius;  R  =  T« —  Tj,  the  total  friction  between  ^ 

the  band  and  the  pulley;  d  R,  the  elementary  Fig.  242. 

portion  of  that  friction  due  to  the  elementary 
arc  d  $;  f  the  co-efficient  of  friction  between  the  materials  of  the 
band  and  pulley. 

Then  it  is  known  that  the  normal  pressure  at  the  elementary  arc 
J#isT(2^;  T  being  the  mean  tension  of  the  band  at  that  elemen- 
tary arc ;  consequently,  the  friction  on  that  arc  is 

d  R  =/T  d  0. 

Now,  that  friction  is  also  the  difference  between  the  tensions  of  the 
band  at  the  two  ends  of  the  elementary  arc;  or 

dT=:dB.=/Td0; 

which  equation  being  integrated  throughout  the  entire  arc  of  con- 
tact^  gives  the  following  formulas : — 

liJplog^J=/^;T,-T,  =  e<';  ) ^j^ 

R  =Ti  -  T^^Vo  -  «~^')  =  T,(«>''-1).  / 

When  a  belt  connecting  a  pair  of  pulleys  has  the  tensionB  of  its 
two  rides  originally  equal,  the  pulleys  being  at  rest;  and  when  the 
pfullejTs  are  set  in  motion,  so  that  one  of  them  drives  the  other  by 
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means  of  the  belt;  it  is  found  that  the  advancing  side  of  the  belt 
is  exactly  as  much  tightened  as  the  returning  side  is  slackened,  ao 
that  the  mean  tension  remains  unchanged.  Tlie  ratio  which  it 
beacB  to  the  force,  B,  to  be  transmitted,  is  given  by  this  fononla:— 


2K         2(e/*-.  1) ^  ^^ 


If  the  Kve  of  contact  between  the  baud  and  pulley,  expressed  in 
tui-ns  and  fractions  of  a  turn,  be  denoted  by  n, 

^  =  2  »  «;  e/*  =  10»-ww/»; (3.) 

that  is  to  say,  ^'  is  the  ajUtlogarUhm,  or  natural  number^  corre- 
sponding to  the  common  logarithm  2*7288 yn. 

The  value  of  the  co-efficient  of  friction,  /,  depends  on  the  state 
and  material  of  the  rubbing  surface&  For  leather  belts  on  iron 
pulleys,  the  table  of  Article  309,  page  349,  shows  that  it  ranges 
from  '56  to  *15.  In  calculating,  by  equation  2  of  this  Article,  the 
proper  mean  tension  for  a  belt,  the  smallest  value,  y  =  '15,  is  to 
be  taken,  if  there  is  a  probability  of  the  belt  becoming  wet  with  oil 
The  experiments  of  Messrs.  Henry  B.  Towne  and  Robert  Briggs, 
however  (published  in  the  Journal  of  the  Franklin  Institute  for 
1868),  show  that  such  a  state  of  lubrication  is  not  of  ordinaiy 
occurrence;  and  that  in  designing  machinery,  we  may  in  mort 
cases  safely  take/  =  0*42.  Professor  Reuleaux  {Conatrudiondehn 
fiir  Maschinenbau)  takes  /  =  0*25.  The  following  table  shows 
the  values  of  the  co-efficient  2*7288/  by  which  n  is  multiplied  in 
equation  3,  corresponding  to  different  yalues  of/;  also  the  corre- 
sponding values  of  various  ratios  amongst  the  forces,  when  the  arc 
of  contact  is  half  a  circumference : — 

/=  0*15  0*25  0'42  0-56 

2*7288/=  0*41  0*68  i'i5  1*53 

Let  ^  s  fl-y  and  n  =  ^ ;  then 

T,  +  T,  =     1-603  2-188  3'758  5-821 

Tj  -f-  K  =     2*66  1*84  1*36  i'2i 

Tj  +  Tj  -i-  2  B  =     2*i6  i'34  0*86  071 

In  ordinary  practice,  it  is  usual  to  assume  T^ssB;  T^  =2  B; 
Tj  +  T,  -r  2  B  =  1*5.     This  corresponds  to/  =  0-22  nearly. 

For  a  wire  rope  on  cast-iron,  /  may  be  taken  as=  0-15  nearly; 
and  if  the  groove  of  the  pulley  is  bottomed  with  gattarperdMi 
0-25. 

When  an  endless  band  runs  at  a  very  hiffh  velocity,  its  centri* 
ingal  force  has  an  indirect  effect  on  the  fhction,  which  will  be 
considered  further  on.     (See  page  441.) 
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311.  The  fr«rk  Pcrfermrd  ngaiasi  Frieltoa  in  a  given  time, 
between  a  pair  of  rubbing  surfaces,  is  the  product  of  uiat  friction 
into  the  distance  through  which  one  surface  slides  over  the  other. 

Wlien  the  motion  of  one  surface  relatively  to  the  other  consists 
in  rotation  about  an  axis,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  angvlar  motion  of  the  surfaces 
to  radius  unity  into  the  fmoment  of  fruition  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  the 
rubbing  surfaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radiuH  of  the  journal 

For  a  Jl<U  pivot,  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot 

For  a  coUar,  let  r  and  r'  be  the  outer  and  inner  radii;  then  the 
leverage  of  the  friction  is 


2    ^^ r'* 


3    »-  — r'' 


(1) 


For  "*Schtele*8  arUi-friction  pivot^  whose  loni2;itudinal  section  is 
the  cur\'e  called  the  "  tractrix,"  the  moment  of  friction  is/  x  the 
load  X  the  external  radius.  This  is  greater  than  the  moment  for 
an  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fiic- 
tion  pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  unifonn  at  every  point,  so  that  they  always  fit  each  other  aocu- 
rntely,  and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  and  hall  pivot,  the  end  of  the  shaft,  and  the  step  on 
which  it  presses,  present  two  recesses  facing  each  other,  into  which 
are  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
concave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
cither  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  sui&ces  of  the  cups.  The 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
from  the  extreme  smallness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  friction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  ''  rolling  friction,*' 
but  more  correctly  rolling  refistanoe.  It  is  of  the  nature  of  a  couple 
YcsistinQ  rotation ;  its  moment  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  length 
depends  on  the  nature  of  the  rolling  surfaces;  and  the  work  lost 
in  an  unit  of  time  in  ovorooming  it  is  the  product  of  its  moment 
by  the  angular  wlocitp  of  the  rolling  sur&ces  relatively  to  each 

2  4 
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other.   The  following  are  approximate  values  of  the  aim  in 
tfafacA : — 

Oak  upon  oak, o-oo6  (Conlomb). 

lignum-vitflB  on  oak, .0*004         — 

Ckst-iron  on  cast-iron, 0-002  (Tredgold). 

The  work  lost  in  friction  produces  bxat  in  the  proportiim  of  0110 
British  tliermal  unit^  being  so  much  heat  as  raises  the  tempenfcura 
of  a  pound  of  water  one  degree  of  Fahrenheit^  for  eveiy  772  foo^ 
pounds  of  lost  work. 

The  heat  produced  bj  friction,  when  moderate  in  amoont,  u 
naeful  in  softening  and  liquefying  unguents;  but  when  excessive^ 
it  is  prejudicial  by  decomposing  the  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings^  and  raising  thear  temperar 
ture  so  high,  as  to  set  fire  to  neighbouring  combustible  matters^ 

Excessive  heating  is  prevented  by  a  constant  and  copious  sappi j* 
of  a  good  unguent.  When  the  velocity  of  rubbing  is  about  tour 
or  five  feet  per  second,  the  elevation  of  temperature  is  found  to  be, 
with  good  £sitty  and  soapy  unguents,  40''  to  50°  Fahrenheit^  with 
good  mineral  unguents,  about  30°.  The  effect  of  friction  npcm 
the  efficiency  of  machines  will  be  considered  further  on,  ia 
Section  IV. 

312.  w««k  or Acr«i«irttoii.  (A.  M,,  12, 521-33, 536, 547, 549, 554, 
589,  591,  593,  595-7.)---In  order  that  the  velocity  of  a  body*« 
motoon  may  be  changea,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  finnee 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  masa 
of  the  body  acted  upon,  and  inversely  to  the  time  occnpied  in  pn>- 
dncing  the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  hody^  and  the  «*wn.TMl 
the  driving  body.  Then  the  force  must  act  upon  the  driven  bodj 
in  the  dizection  of  its  motion.  Every  force  being  a  pair  of  equal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  fixroe  whick 
accelerates  the  driven  body  is  a  ruidanoe  as  respects  the  dziviM 
body.     (See  Article  287,  page  329.) 

For  example,  during  the  commencement  of  ^e  stroke  of  tlia 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  m 
accelerated ;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  ^t^*^**—  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome  The  piston  and  its  rod  constitute  the  driven  bod^;  ^h^ 
steam  is  the  driving  body;  and  the  same  part  of  the  prcaaure  whkfc 
accelerates  the  piston,  acts  as  a  reaisUmoB  to  the  motion  of  tlia 
•team,  in  addition  to  the  resistance  which  would  have  to  be  over* 
if  the  velocity  of  the  piston  were  uniform. 
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The  resistftnoe  due  to  aoodenttioii  is  computed  in  tbe  following 
uaDner : — It  is  known  by  experiment,  tliat  if  a  bodj  near  the 
earth's  surface  is  accelerated  hj  the  attraction  of  the  earth, — ^that 
isy  by  its  own  weight,  or  by  a  force  equal  to  its  own  weight,  its 
velocity  goes  on  continually  increasing  very  nearly  at  the  rate  of 
32*2  feet  per  $econd  of  adaiUonal  vdoeUy,/ar  each  second  during 
«fiAtc4  the/oroe  aeU,  This  quantity  Taries  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  Vi  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  i  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

Vg  =  v^+gi (1.) 

If  the  acceleration  be  at  any  different  rate  per  second,  f/ie  force 
neceuary  to  produce  thai  aeoeUratwn,  being  the  retistanee  on  tJie 
driving  body  duie  to  the  aocderalionofihe  driven  body^  bears  the  same 
proportHfon  to  the  driven  bod^s  weigkt  which  the  actual  rate  of  aeede- 
itiiion  bears  to  the  rate  qf  aocderaUon  produced  by  graoiiy  acting 
Jrtdy,     (In  metres  per  second,  ^  =:  9*81  nearly.) 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  Vx  feet  per 
second ;  and  let  that  velodly  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  «b  feet  per  second. 

Let /denote  the  rate  of  acceleration;  then 


•^  t 


r,  -  r,  ^ 


.(2.) 


and  the  force  B  necessaiy  to  produce  it  will  be  given  by  the  pro* 

portion, 

^:/::W:Rj 

that  is  to  say, 

/W^W(.-r,) 

9  9^  ' 

W 

The  factor  — ,  in  the  above  expression,  is  called  the  mass  of  the 

g 

driven  body ;  and  being  the  same  for  the  same  body,  in  what  place 
soever  it  may  be,  is  held  to  represent  the  guanltily  qf  muUter  in  the 
body.     (See  Article  277a,  page  3ia) 

The  product of  the  mass  of  a  body  into  its  velocity  at  any 

if 
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instant,  is  called  its  momentum;  so  that  the  resistance  due  to  a 
given  acceleration  is  equal  to  the  inereoue  o/nwrnenium  divided  by 
the  Hme  loAtcA  that  increase  oeeupiee. 

If  the  product  of  the  force  by  which  a  body  is  accelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  tima 
during  which  it  acts,  be  called  m  pulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increase  o/ntomenium  i$  egnal 
to  the  impulse  hy  which  it  %s  caused 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 

R  varies  along  with  it.     In  this  case,  the  value^  at  a  given  instant 

d  V 
qi  the  rate  of  acceleration,  is  represented  by/  =    « .»  and  the  coi>» 

responding  value  of  the  force  is 

nJJI^^.^ (,.) 

g         g     dt 

The  WOBK  FEBFOBMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  trough  is  the  product  ot 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  pcr- 
foi-med  is  equal  to  the  mags  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  thiat  is,  la  Me  mass  oj 
the  bodf/f  multiplied  hy  (he  increase  o/tfie  half-square  of  its  velocity. 

To  express  this  by  sjrmbols,  in  Uie  case  of  an  umform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
t>ody  during  the  acceleration;  then 

•  =  —2—  *  ^ (•'•) 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  acoel* 
eratiouy 

Jti  S  =  .  J •  5 •  t  = •  .  5 — lU.) 

y  t  2  y  2  ^   ' 

In  the  case  of  a  variable  rate  of  acceleration,  let  i;  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  time 
dt  9o  diort  that  the  increase  of  velocity  dv  \b  indefinitely  small 
compared  with  the  mean  velocity.     Then 

ds  =  vdt; (7.) 
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which  being  multiplied  by  eqtiation  4,  gives  for  the  work  of  accel« 
eration  dming  the  interval  d  t, 

iCotf  =  —  •  --.  •vat 
g       dt 

=  y  .  vdvi (8.) 

9 

and  the  iniegratian  of  this  expression  (see  Article  11a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

Erom  equation  9  it  appears  that  the  work  performed  in  producing 
o  given  accderation  depends  on  the  initial  amd  final  veiocUies,  V|  and 
Vjy  and  not  on  Hie  intermediate  changes  ofvdocity, 

Jft^  body  falls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through  a  height  h,  so  that  its  initial  velocity  is  0,  and  its  final 
velocity  v,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  18  simply  the  product  W  A  of  the  weight  of  the  body  into  tiio 
height  of  falL     Comparing  this  with  equation  6^  we  find — 

*  =  F, --W 

This  quantity  is  called  the  heiglU,  or  /aUy  due  to  tlie  vdocUy  v ; 
and  from  equations  6  and  9  it  appears  that  the  work  perjormsd  u> 
producing  a  given  acederaJtion  is  the  same  with  that  performed  in 
liJUng  the  driven  body  through  the  difference  of  the  heights  due  to  its 
initial  and  final  velocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  the 
prime  mover  itself,  or  of  Uie  machineiy  driven  by  it,  is  not  neces- 
sarily lost»  as  will  afterwards  appear. 

313.  flmamitom  •£  W«vk  •f  Aco«lwwtf««    M— wit  •€  laertta.^- 

If  several  pieces  of  a  machine  have  their  velocities  increased  at  the 
name  time,  the  work  performed  in  accelerating  them  is  the  sum 
of  the  several  quantities  of  work  due  to  the  acceleration  of  the 
respective  pieces;  a  result  expressed  in  symbols  by 

} 0) 
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The  prooesB  of  finding  that  sum  is  facilitated  and  abridged  iu 
certain  cases  hj  special  methods. 

I.  Accelerated  RotaUonr^Momenl  of  Inertia. — Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis; — that 
is,  as  explained  in  Article  46,  the  vclocitj  of  a  point  in  the  body 
whose  nidius-vector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  particle  whose  distance  from  the  axis 
lar,  is 

V  =  a  r; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
fit>m  the  value  a^  to  the  value  a^  the  increase  of  the  velocity  of  the 
particle  in  question  is 

r,  -  V,  =  r(a,  -  a,) (3.) 

X 

Let  w  denote  the  weight,  and  _  the  mass  of  the  particle  in  qoes- 

9 
tion.     Then  the  work  performed  in  accelerating  it,  being  equal  to 

the  product  of  its  mass  into  the  increase  of  the  half-square  of  its 
velocity,  is  also  equal  to  the  product  of  Us  mass  into  the  square  qfiie 
rctdius-vectoTf  cmd  into  tJie  increase  of  the  half -square  of  the  ang%dair 
velocity;  that  is  to  say,  in  symbols, 

-9 '-2-=  j---r- (^•) 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant)  and  also  their  accelerations,  are  {m>portional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  fJMior,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  ^  =  32*2,  is  a 
common  divisor.  It  is  therefore  sufficient  to  add  together  the  pro- 
ducts of  the  weight  of  each  parlicle  (w)  into  the  square  of  its  radttu- 
vector  (r^,  and  to  mdtiplj/  the  sum  so  obtained  (2  •  w  H)  5y  <A«  in- 
crease of  the  half  square  of  Hie  emgular  vdocity  (  ^  (Ai  —  *!  )) »  c*'*^ 

divide  hy  the  rate  of  acceleration  due  to  gravity  (g).  The  resalt, 
viz. : — 

is  tJi«  -work  of  acceleration  sooght.  la  fact,  the  earn  2  «o  r*  is  Am 
weight  of  a  body,  vcitidt,  yf  concetUrOted  at  the  distance  unity  Jrxmt 
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Ae  axis  o/roiaiian^  would  require  the  eame  work  to  produce  a  ^ven 
inereaee  0/ angular  vdodty  uMch  the  actual  body  requires. 

The  term  moment  of  diebtia  is  applied  in  some  writings  to  tLo 
Bom  2 10  r*,  and  in  others  to  the  corresponding  maee  Jwt'^g. 
For  purposes  of  mechanical  engineering,  the  sum  zu^r*  is,  on  the 
whole,  l3ie  most  oonyenient^  bearing  as  it  does  the  same  xektion  to 
angular  acceleration  which  weight  does  to  acceleration  of  linear 
velocity. 

The  Radius  itfO^ra/tAon^  or  M&m  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  Yslne  is  giren  by  the  following 
equation : — 

'=^ w 

so  that  if  we  put  W  =  2 10  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

I  =  Wt' (7.) 

The  following  are  additional  rules  relating  to  moments  of  inertia 
and  radii  of  gyration : — 

RuLB  II. — Giren,  the  moment  of  inertia  of  a  body  about  an 
axb  traversing  its  centime  of  gravity  in  a  given  direction;  to  find 
its  moment  of  inertia  about  another  axis  parallel  to  the  first; 
multiply  the  mass  (or  weight)  of  the  body  by  the  square  of  the  per- 
pendicular distance  between  the  two  axes,  and  to  the  product  add 
the  given  moment  of  inertia. 

Rule  IIL — Given,  the  separate  moments  of  inertia  of  a  set  of 
bodies  about  parallel  axes  traversing  their  several  centres  of  gravity ; 
required,  the  combined  moment  of  inertia  of  those  bodies  about  a 
common  axis  parallel  to  their  separate  axes ;  multiply  the  mass  (or 
weight)  of  each  body  by  the  square  of  the  perpendicular  distance  of 
its  centre  of  gravity  from  the  common  axis ;  add  together  all  the 
products,  and  all  the  separate  moments  of  inertia;  the  sum  will  be 
the  combined  moment  of  inertia. 

Rule  IY. — ^To  find  the  square  of  the  radius  of  gyration  of  a 
body  about  a  given  axis;  divide  the  moment  of  inertia  of  the  body 
about  the  given  axis  by  the  maos  (or  weight)  of  the  body. 

Rule  Y. — Given,  the  square  of  the  radius  of  gyration  of  a 
body  about  an  axis  traversing  its  centre  of  gravity  in  a  given 
direiBtion  ;  to  find  the  square  of  the  radius  of  gyration  of  the  same 
body  aboot  another  axis  parallel  to  the  first;  to  the  given  square 
idd    I16  aqoare  of  the  iierpendlcular  distance  between  the  two 
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Tablb  of  Squares  of  Rabi:  of  Gyration. 


Boot. 


L  Sphere  of  radius  r, 

IL  Spheroid  of  revolution— iwkr  semi- 
axis  Oy  equatorial  radius  r, 

IIL  EUipaoid— semi-axes  a,  h,  e^ 

IV.  Si>herical   shell— external  radius  r, 
internal  i', 

V.  Spherical  shell,  insensibly  thin— ra- 
dius r,  thickness  dr, 

VL  Circular  cylinder— length  2a,  radius 
r, ' 

VII.  Elliptic  cylinder— length  2a,  trans- 
verse semi-axes  b,  c, 

VIIL  Hollow  circular  cylinder— lenfl;th  2a, 
external  radius  r,  internal  f% 

IX.  Hollow  circular  cylinder,  insensibly 
thin— length  2a,  radius  r,  thick- 
ness (/r, 

X.  Circular  cylinder— length  2a,  radius 
*■»••• 

XL  EUiptic  cylinder— length  2a,  trans- 
verse semi-axes  (,  c, 

XIL  Hollow  circular  cylinder— length  2a, 
external  radius  r,  internal  r',. ....... 

XIII.  Hollow  circular  cylinder,  insensibly 

thin— radius  r,  thickness  dr, 

XIV.  Rectangular  prigm— dimensions  2a, 

26,  2f, 

XV.  Bhombic  iirism— length  2a,  diagonals 
26,2c 

XVT.  Rhombic  prism,  as  above, 


Axis. 

■ 
BAi»:rs.* 

Diameter 

2r« 
5 

Polar  axis 

2r* 
5 

Axis,  2a 

5 

Diameter 

2(r«  -»'») 
5  (r»  -  r") 

Diameter 

2r« 
3 

Longitudinal 
axis,  2a 

2 

Longitudinal 
axis,  2a 

4    " 

Longitudinal 
axis,  2a 

2 

Longitudinal 
axis,  2a 

r' 

Transverse 
diameter 

4    "*^    3 

Transverse 
axis,  26 

c*       a« 
'4        3 

Transverse 
diameter 

4       ■*■    3 

Transverse 
diameter 

2        3 

Axits  2a 

b*  -l-c* 
3 

Axis,  2a 

6«  +e* 
6 

Diagonal,  26 

"6  ^T 
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314.  CcMCvc  vf  P^rcmmaimm — ^B^alralcMt  MMi^e  PcadBlaai — ^B^mIts- 

leal  FiF-wiMei. — In  calculations  respecting  the  rotation  of  a  rigid 
body  aboat  a  given  axis,  it  is  often  convenient  to  conceive  that  for 
the  actual  body  there  is  substituted  its  equivalent  eimple  pendulum; 
that  is,  a  body  having  the  saroo  total 
mass,  but  concentrated  at  two  points,  of 
which  one  is  in  the  axis :  also  the  same 
statical  moment,  and  the  same  moment 
of  inertia. 

The  following  are  the  rules  for  doing  ^=" 
this : — 

I.  To  find  the  centre  of  percussion  of 
a  given  body  turning  about  a  given  axis. 

In  fig.  243,  let  X  X  be  the  given  axis, 
and  G  the  centre  of  gravity  of  the  body. 
From  G  let  fall  G  C  perpendicular  to 
X  X.     Through  G  draw  G  D  parallel  Fig.  243. 

to  X  X,  and  equal  to  the  radius  of 

gyration  of  the  body  about  the  axis  G  D,  Join  C  D.  Then  will 
C  E  =  C  D  =  .JGW^TCW  =  the  radiuH  of  gyration  of  the 
body  about  X  X.  Fix>m  D  draw  D  B  perpendicular  to  C  D, 
cutting  C  G  produced  in  R  Then  will  B  be  the  centre  of  percus- 
sion of  the  body  for  the  axis  X  X. 

GD* 
To  find  B  by  calculation;  make  G  B  =  YTn  ' 

C  is  the  centre  of  percussion  for  an  axis  traversing  B  parallel  to 
XX. 

II.  To  convert  the  body  into  an  '*  equivalent  simple  pendulum  " 
for  the  axis  X  X,  or  for  an  axis  through  B  parallel  to  X  X ;  divide 
the  mass  of  the  body  into  two  parts  inversely  proportional  to  G  C 
and  G  B,  and  conceive  those  parts  to  be  concentrated  at  C  and  B 
respectively,  and  rigidly  connected  together. 

(Let  W  be  the  whole  mass,  and  C  and  B  the  two  parts;  then 
W    GB  WGC\ 

^•"CB;*  CB7 

(The  "equivalent  simple  pendulum''  has  the  same  weight  with 
the  given  body,  and  also  the  same  moment  of  weight,  and  the  same 
moment  of  inertia,  with  the  given  body,  relatively  to  an  axis  in  the 
given  direction  X  X,  traversing  either  C  or  R) 

IIL  Equivalent  Ring,  or  Equivalent  Fly-iehed. — When  the  given 
axis  traverses  the  centre  of  gravity,  G,  there  is  no  centre  of  per- 
cussion. The  moment  of  the  body*s  weight  is  nothing,  and  its 
moment  of  inertia  is  the  same  as  if  its  whole  mass  were  concentrated 
in  a  ring  of  a  mdius  equal  to  the  radius  of  gyration  of  the  body. 
That  rinff  may  be  called  the  "  equivalent  ring,*'  or  ^  equivalent 
fly-wheeU' 
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315.  iiedaccdl  IbotUiu — If  in  a  ceftain  machine,  a  moTing 
]neoe  whose  weight  is  W  has  a  Telocity  always  beanng  tM 
ratio  n :  1  to  the  yelodfy  of  the  driving  pointy  it  is  erid^it  thai 
when  the  driying  point  undergoes  a  given  aooeleration,  the  wotk 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  n'  W  had  been  concentrated  at  the  driving  point 

If  a  similar  calculation  be  performed  for  eadi  moving  piece  in  tba 
machine,  and  the  results  added  together,  the  sum 

2-»«W (I.) 

gives  the  weight  which,  being  concentrated  at  the  driving  pointy 
would  require  the  same  work  for  a  given  acceleration  of  the  drivin|^ 
point  that  the  actual  machine  requires ;  so  that  if  V|  is  the  initial, 
and  Vg  the  final  velocity  of  the  driving  pointy  the  work  of  accelera- 
tion of  the  whole  machine  is 

iLzJ?  .  Sn«W (l>.) 

This  operation  may  be  called  the  redtictUm  of  the  inertia  to  the 
driving  poiiU.  Mr.  Moseley,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (1.)  the  **  eo-ejfideni  of 
steadiness"  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  each 
rotating  piece  ia  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  represents  tho 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angolar  velocity  of  the  rotating  piece  in  question,  we  are  to  make 

«-  =  ^ (a) 

in  performing  the  calculation  expressed  by  the  formula  (1.) 

316.  SraMMiiT  •€  Tatiom  kib««  mi  ir«rk. — In  Order  to  present  at 
one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  sapposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  d$',  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  dh\  that  reaistancesy  any 
one  of  which  is  represented  by  K,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  aro 
disnoted  byn;  that  the  weight  of  any  piece  of  the  mechanism  is  W^and 
that  n'  d^otes  the  ratio  of  its  velocity  (or  if  it  rotates^  the  ratio  of 
the  velodly  of  the  end  of  its  radius  of  gyration)  to  the  velodty  of 
the  driving  point;  and  that  the  driving  pointy  whose  mean  veloci^ 
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is  V  r=    —^  undergoes  the  acceleration  d  v.     Then  the  uhoU  work 
perform^  during  the  interval  in  question  is 

9 
The  mean  total  rmstanee,  reduced  to  the  driving  pointy  may  ho 
computed  by  dividing  the  above  expression  by  the  motion  of  tho 
driving  point  de  =  vd  t,  giving  the  following  result: — 

^.SW+SnB+^FT   -Sn^'W (2.) 

ae  gdt 

Section  IL — OfDeciaJting  and  Centrifugal  Force. 

317,  DerteUac  Fwce  vf  a  Slasle  B«4r.  {A.  M.,  537.) — It  is  part 

of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
belanced  foroee^  it  moves  in  a  straight  line.    {A.  M,y  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  whicli 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  sanio 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows: — 

Halfndiasof     Height  dae  Bodr's  Dcmttag 

corratiire.        to  Telccitj.  weight.  force. 

;        :        ^        ::        W        :        Q  =  :^. (1.) 

2  2^  gr  ^   ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
force  is  supplied  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines^  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guides  the  revolving  massi 
making  it  move  in  a  curve. 

A  pair  of  firee  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  deviin- 
taons  of  motian  nlattvely  to  their  common  centre  of  giavity  are 
invOTaiy  as  their  mawwt 

In  a  pi«i^i>^i^  each  revolving  body  tends  to  press  or  dmw  the 
body  which  guides  it  away  fi:om  its  position,  in  a  direction  fiom 
the  centre  of  curvature  of  the  path  of  toe  revolving  body;  and  that 
tendency  is  resLsted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  whidi  it  is  connected. 
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318.  CcaiHfticni  F«rce  (A,  AT,,  538)  is  the  force  vith  which  a 
revolving  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  actn 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action 
between  two  bodies;  and  devialing  force  and  centrifugal  force  are 
but  two  different  names  for  the  same  force,  applied  to  it  according 
as  the  condition  of  the  revolving  body  or  that  of  the  guiding  body 
is  under  consideration  at  the  time. 

319.  A  R«ir«iirtiy(  Pcadiataai  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A. 
of  small  weight  as  compared  with  tho  ball,  and 
Involving  in  a  circle  about  a  vertical  axis  C  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 

^•: iH         ^  centrifugal  force,  acting  horizontally ;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


height  B  C  weiffht  gr     ... 

Fig.  244.  —^ =-  = ^    c      \€^ =  -  2^-0-) 

radius  A  B       centrifugal  force       t-^     ^    ' 

where  r  =  A  B.     Let  T  be  the  number  of  turns  per  $eeo7id  of  the 
pendulum,  and  a  its  angular  velocity;  then 

v  =  ar  =  2xTr; 


and  therefore,  making  B  C  =  A, 

/•    .u  1  *•*  A     ^T     A    X  0-8154 foot      97848  inches     .,. 
«s  (m  the  latitude  of  London) ^^ =  ^ — (*•) 


320.  Derteilac  Wr€%  la  Tcnm  ^f  A^^Uur  r^imtlaj.  {A.  JT,  540.) 
— ^When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant;  and  the  velocity  v  of  the  bodr 
is  the  product  of  that  radius  into  the  angular  velocity;  or  qrmboh* 
cally, 

v  =  ar  =  2»Tr. 

If  these  values  of  the  velocity  be  snbstitated  for  v  in  eqnatiou  1  of 
Article  Zl7f  it  becomes^- 
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g  9  ^   ' 

321.  RcMbaM  rcMHAisal  F«rce.  (J.  J/l,  G03.)~The  whole  ccn- 
trifiigal  force  of  a  body  of  any  figure,  or  of  a  sjrstem  of  connecteil 
bodies,  rotaiisg  about  an  axis,  is  the  same  in  anwunl  and  directum 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  levity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  32QyW  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  aysiem,  and  r 
the  perpendicular  distance  of  its  centre  of  grayity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
paralld  to  r,  although  it  does  not  in  eveiy  case  eoincide  with  r. 

When  the  axis  of  rotation  tftiverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrifugal  force  is  nothing; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
»  machine  against  the  bearings  of  their  axles  are  to  be  taken  into 
account  in  determining  the  lateral  pressures  which  cause  friction, 
and  the  strength  of  the  axles  and  framework. 

As  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amount;  and  for  that  purpose, 
unless  there  is  some  special  reason  to  the  contrary,  the  axis  of  ro- 
tation of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugid  force  may  be  no- 
thing. 

322.  Crn:r2rHsai  c««pie— PcnM«M«at  Axis. — It  is  not,  however« 
sufficient  to  annul  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  Mft  the  axis  as  a  voiolc;  there  should  al^o  be 
no  tendency  to  lum  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten- 
dency may  exist  without 
the  former,  let  the  axis  of 
rotation  of  the  system 
shown  in  fig.  24  J  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  perpendicularly  to 
that  axle,  in  opposite  dlrec* 
tions  in  the  same  plane, 
carrying  at  their  extremi-  ^^  *^*'- 

lies  two  heavy  bodies  A  and  G.     Let  the  weights  of  the  arms  be 
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inaenaible  as  compared  wiUl  the  wei^xls  of  those  bodies;  and  le^ 
the  weights  of  the  bodies  be  inyeisely  as  their  distances  from  the 

axis;  that ifl^lrt  

A  •  AB  =  C  •  C D. 

Let  A  C  bo  a  straight  line  joining  the  oentna  of  gravity  of  A. 
and  C,  and  catting  the  j^Tria  in  G;  then  G  is  the  cwmmon  oentee  of 
graTity  of  A  and  O,  and  being  in  the  axis,  the  reflnttant  oentrifiigal 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  vdocity  of  the  zotatiaa^ 
then 

The  centrifngal  foree  exerted  on  the  uds  by  A 

a»  AAB 

-     d     ' 

The  centrifugal  force  exerted  on  the  axis  by  0 

a'CCD 

-         9         ' 
and  those  forces  are  equal  in  magnitude  and  opposite  in  directum; 
so  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  axu  abatU  the  point  G, 
bciug  the  product  of  the  common  magnitude  of  the  couple  of  cen- 
trifugal forces  above  stated,  into  their  leverage ;  that  is,  the  perpen- 
dicular distance  B  D  between  their  lines  d  action.  That  product 
is  called  the  numutU  of  the  eentrijngal  couple;  and  is  represented  by 

QBD; (1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal foroe& 

That  couple  causes  a  couple  of  equal  and  opposite  preamres  of 
the  journals  of  the  axle  against  their  bearings  at  E  and  F,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  givea 
by  the  formula — 

these  pressures  continually  change  their  directions  as  the  bodies 
A  and  C  revolve;  and  they  are  resLsted  by  the  strength  and 
rigidity  of  the  bearings  and  firam&  It  is  desirable,  when  pracii> 
cable,  to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide;  in  which  case  the  centre  line  of  the 
Bxle  E  F  is  said  to  be  a  permanent  ttxie. 

When  there  are  more  than  two  bodies  in  the  rotating 
the  centrifugal  couple  is  found  as  follows  ;-^ 
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Let  X  X',  fig.  246,  represent  the  axis  of  rotation;  Q,  the  centre 
of  gravity  of  the  rotating  body  or  sTstem;  situated  in  that  axis ;  so 
tbat  the  resultant  oentrmigal  force  is  notiiing. 

Let  W  be  any  one  of  the  parts  of 
"which  the  body  or  system  is  com- 
posedy  so  that^  the  weight  of  that 
part  being  denoted  l^  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  s  *  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis;  then 


is  the  oentrifagal  force  of  W,  pull-  Fig.  246. 

ing  the  axis  in  the  direction  xW, 

Assume  a  pair  of  axes  of  co-ordinates^  G  Z,  G  Y, 
X)erpendicu]ar  to  X  X'  and  to  each  other,  and  fixed 
I'elatively  to  the  rotating  body  or  system — that  is, 
rotating  along  with  it. 

From  W  let  fidl  W  y  perpendicular  to  the  plane 
of  GX  and  G  Y,  and  paraUel  to  GZ ;  also  W^ 
lierpeudicuhur  to  the  plane  of  GX  and  OZ^  and 
jiandlel  to  G  Y ;  and  make 


Fig.  247. 


xyz=zMV  9=zff;  xz  =  Wff  =  z;  Gx  =  x, 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

51?^  parallel  to  G  Y,  and 

YLf^l  parallel  to  GZ; 
9 

and  tliose  two  component  finoes,  being  both  applied  at  the  end  of 

the  lever  G  «i=x,  exert  momenU,  or  tendencies  to  turn  the  axia 
X  X'  about  the  point  Z,  expressed  as  follows : — 

— ^JLff  tending  to  turn  G  X  about  G  Z  towards  G  Y  • 

9  * 

W  o^  g  g  tending  to  turn  G  X  about  G  Y  towards  G  Z. 
9 
In  the  same  manner  are  to  be  found  the  serend  moments  of  the 
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oentrifugal  forces  of  all  the  other  parts  of  which  the  body  or  ayiitein 
consiBts;  and  care  is  to  be  taken  to  distinguish  moments  which. 
tend  to  turn  the  axis  iowarda  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  fronh  those  positions,  by  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  axe 
to  be  found  the  two  sums, 

-   .  S'Wya:;  -  .  SW«a;> (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  foroes  to 
turn  the  axis  in  the  planes  of  G  T  and  G  Z  respectively. 

In  fig.  247  lay  down  GT  to  represent  the  former  moment,  and 
G  Z,  perpendicular  to  G  T,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centrifugal  Couple,  and  the  direc> 
tion  of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  ita 
angular  position,  are  given  by  the  equations. 


=  ^(GY'  +  GZ*);") 

GM  =  GZ-^GY    3  


GM=  _ 

tan^Y^"'      -  -      --    - 


The  condition  which  it  is  desirable  to  fulfil  in  all  rapidly  rotating- 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  pennanenl 
axiSy  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  nothing; 
that  is,  when 

SWy«  =  0-2Wi&«  =  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  sui^nded  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing.     If  the  axis  is  not 
a  permanent  axis,  it  oscillates;  if  it  is,  it  remains  steady. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
piece,  there  is  said  to  be  a  stakdino  balance;  when  it  is  also  a 
permanent  axis,  there  is  said  to  be  a  bunking  balance. 

Section  lll.—0/£fart,  Energy,  Powers  and  Efficiency. 

323.  BflWrc  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  dii^ection  of  its  motion  (^.  i/.,  511). 

If  a  force  is  applied  to  a  body  in  a  direction  making  an  acute 
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angle  with  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force  along  the  direction  of  the  body's  motion  ia  an 
efibrtb     That  is  to  say,  in  fig.  248,  let  A  B  represent  the  direction 

in  which  A  is  moving;  let  A  F  repre- 
sent a  force  applied  to  A,  obliquely  to 
that  direction;  from  F  draw  F  P  per- 
pendicular to  A  B;  then  A  P  is  the 
^wi  due  to  the  force  AF.     The  trans-  J 

Terae  component  PF  is  a  laleral  foroe^ 

like  the  transverse  comjwnent  of  the  oblique  resisting  force  in 

Article  304.  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  XP  =  P,  the  lateral  force  FF  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  #.    Then 

- —         (I.) 


=  F  -cos  ^;") 
=  F  •  sin  9) 


324.  CaadltlaB  af  VBifarm  Speed.  {A.  M,,  510,  512,  537.)— Ao- 
coixling  to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  ^  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  vdocUy^ 
the  lateral  force  required  to  produce  the  change  of  direction  depends 
on  the  principles  set  forth  in  Section  2 ;  but  t£e  condition  of  baknce 
still  holds  for  the  forces  which  act  alofkg  the  direction  of  the  body's 
motion,  that  is,  for  the  efforU  and  reaistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  uniform  velocity  is, 
that  the  efforU  shall  balance  the  resistances.  * 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  oonsist& 

It  can  be  shown  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  body,  system,  or  machine,  that  con- 
dition is  fulfilled  when  the  sum  of  the  products  of  the  efforts  into  the 
velocities  of  their  respective  points  ofuction  is  equal  to  the  sum  of  the 
products  of  the  resistances  into  Ute  velocities  of  the  points  uihere  they 
are  overcome. 

Thus,  let  V  be  the  velocity  of  a  driving  pointy  or  point  where  an. 
effort  P  is  applied ;  v'  the  velocity  of  a  working  point,  or  point  where 
a  resistance  R  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body,  system,  or  machine  is 

a  •  P  «  =  a  •  R  t/ (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  ths 

2b 
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driTing  poinis  be  alike,  then  P  being  the  total  effort,  the  single 
product  P  V  may  be  put  in  in  place  of  the  Bum  2  *  P  v  j  reducing 
the  above  equation  to 

Pv  =  1  •  Rt/ (2.) 

Referring  now  to  Article  305,  let  the  machine  be  one  in  which  the 

eompartUive  or  prapartianaie  velocities  of  all  the  points  at  a  given 

instant  are  known  independently  of  tjseir  absolute  velocities,  from 

the  construction  of  the  machine ;  so  that,  for  example,  the  velocity 

of  the  point  where  the  resistance  R  is  overcome  besffs  to  that  ai 

the  driving  point  the  ratio 

t/ 
-=  ni 

V 

Aen  the  condition  of  uniform  speed  may  be  thus  expressed  : — 

P=  2'nlEi; (3.) 

that  is,  thetoUd  qffhH  is  equal  to  the  sum  qf  the  rendtmces  r^^ 

the  (hiving  paint, 

S25.  ^mtw9f^^mumtUd  BMrsf.  (i.  M.,  6U,  517,  593,  660.)— 
Energy  means  capacity  /or  performing  tvork,  and  is  expressed,  Uke 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  ccdled  "potential  energy  "*  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwarda  r^erred 
to),  is  the  produ^  of  the  effort  into  the  distance  through  which  it  tt 
capable  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  aa 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descendingp 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its^actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  uxyrk  to  that  amount 

To  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
u>weBt  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet^ 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

326.   B«««llt7  af  Bacfsr  Bxeitc4  «■<  Waik  Pcfffedi' — When 

an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  energy  to  the  amount  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  energy. 
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or  energy  which  remains  eaptMe  ofhdng  txaied,  is  to  that  amount 
diminiahed. 

When  the  energy  ia  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  equal  to  the  work  performecL 

To  express  this  algebraicallj,  let  t  denote  the  time  during  which 
the  energy  is  exerted,  v  the  velociiy  of  a  driving  point  at  which  an 
effort  P  is  applied,  «  the  distance  through  which  it  is  driven,  t/  the 
velocity  of  any  working  point  at  which  a  resistance  R  is  overcome^ 
tf  the  distance  through  which  it  is  driven ;  then 

i  zrv  t;  t^=v'  t; 

and  multiplying  equation  1  of  Article  324  by  the  time  t,  we  obtain 
the  following  equation :-» 

2Pv«=.SRt/<  =  2P#=  2R#'; (1.) 

which  expresses  the  equality  of  enei^  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vary,  it  is  sufficient  to  refer  to 
Article  307,  to  show  that  the  same  principle  is  expressed  aa 
follows: — 

2|  P  rf#  -  2  j"  R  rf«^; (2.) 

where  the  83rmbol  /  expresses  the  operation  of  finding  the  work 

performed  against  a  varying  resistance,  or  the  energy  exerted  by  a 
varying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  eneigy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

327.  TatiMn  Fb«i«vs  •f  iCMrgf. — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force- 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the- 
intensity  of  a  pressure  into  a  voluma    These  processes  have  alreadj 
been  explained  in  detail  in  Articles  301  and  302,  pages  340  to  341. 

328.  The  Bacfsr  Bxcttcd  !■  Pm^hcIus  AccelcntttoB  {A,  M.^  549) 

is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  312  and  313,  pages  354  to  357. 

329.  The  Aceetonuteg  Bfl'OTt  (i.  if.,  554)  by  which  a  given  in- 
crease of  velocity  in  a  given  mass  is  produced,  and  which  is  exerted 
by  the  d/riving  body  against  the  driven  body,  is  equal  and  opposite 
to  the  resistance  due  to  acceleration  which  the  driven  body  exerta 
against  the  driving  body,  and  whose  amount  has  been  given  in 
Articles  312  and  313.  Referring,  therefore,  to  equations  4  and  8 
of  Article  312,  we  fiod  the  two  following  expressions,  the  first  of 
which  gives  the  accelerating  effort  required  to  produce  a  given 
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acceleration  c7v  in  a  body  wHose  weight  is  W,  wHen  the  time  di  in 
which  that  acceleration  is  to  be  produced  is  given,  and  the  seoand, 
the  same  accelerating  effort^  when  the  diskmce  ds  ^  vdtm  which 
the  acceleration  is  to  be  produced  is  given : — 

p-?-^ a.) 


g  '  dt 

W    vdv^W    d(v^ 
g  *    de  "  g  *  2  ds 


(3^) 


Eeferring  next  to  Article  313,  page  357,  we  find  from  eqoationa 
5, 6,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increaiae 
^  a  in  the  angular  velocity  of  a  rotating  bodj  whose  moment  of 
inertia  is  I|  is 

I  *  rf  (g*)     I  g  rf  g 

2g      "      g     ' 


Let  dt  be  the  time,  and  di  ^  adt  the  angular  nwUon  in 
that  acceleration  is  to  be  produced ;  let  P  be  the  accelerating  effort^ 
and  I  its  leverage,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  as  the  time  dt,  or  the  angle  di^  Is 
given,  we  have  the  two  following  expressions  for  the  acederaUng 
joouple:^^ 

^l--M (3.) 

g    dt  ^   ' 

1    ada     I    d{a^  . 

'^  g'   di   ''g'2di ^^'^ 

Lastly,  referring  to  Article  315,  page  362,  equation  2,  we  find,  that 
If  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  Telocity  t/  bears  to  that  of 

the  driving  point  i;  the  ratio  —  =  9i,  then  the  accelerating   effort 

which  must  be  applied  to  the  driving  point,  in  order  that>  during 
the  interval  dt,  in  which  the  driving  point  moyes  through  the 
distance  d$  ss  v  dt,  that  point  may  undeigo  the  acceleration  d  v, 
and  each  weight  W  the  corresponding  acceleration  n<ft%  is  given 
by  one  or  other  of  the  two  formulae — 

^-  ^ —  dt ^^•> 

an*W    vdv     »n*  W    d{v*) 
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330.  W«rtK   DnrlBC   BeuurdaUvH— Eacrgy  Stored  umd 

(A.  M,y  528,  549,  550.) — In  order  to  cause  »a  given  retardation,  or 
diminution  of  the  Telocity  of  a  given  body,  in  a  given  time,  or 
"while  it  travei'ses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
thn  retardation. 

A  moving  body,  therefore,  while  being  retarded,  cnoercomeB  iv* 
Mtance  and  performs  work;  and  that  work  is  equal  to  the  ener|Q^ 
exerted  in  producing  an  acceleration  of  the  same  body  equal  to  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  312,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
of  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  performing  aa 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance  of  such  work  is  not  prevented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
formed, that  energy  is  said  to  be  restorecL 

The  algebraical  expresmons  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produce3  in  a  given  body 
hy  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  329  simply  by  putting  R,  the 
symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort^  and 
—  dvy  the  symbol  for  a  retardation,  instead  of  d  v,  the  symbol  for 
an  acceleration. 

331.  The  Actml  Eaoif  {A.  M.,  547,  589)  of  a  moving  body  is 
the  work  which  it  is  capable  of  performing  against  a  retarding 
resistance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  iSd  body  to  l3ring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  weight  of  the  body  into  the  height  from  which  it  must  faU  to 
acquire  its  acUicd  velocity;  that  is  to  say, 

-2T <^) 

The  total  actual  energy  of  a  system  of  bodies,  each  moving  with 
its  own  velocity,  is  denoted  by 

—2r'' <^> 

and  when  those  bodies  aro  the  pieces  of  a  machine,  whose  velodtiee 
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bear  definite  ratios  (any  one  of  wliich  is  denoted  by  n)  to  the  Telo- 
city of  the  driving  point  v,  their  total  actual  energy  is 

^•'«'W (3.) 

being  the  product  of  the  reduced  inertia  (or  oo-^cient  of  steadinfiosy 
as  Mr.  Moseley  calls  it)  into  the  height  due  to  the  velodUy  of  Uie 
driving  point. 

The  actual  enei^  of  a  rotating  body  whose  angular  velodily  is  a, 
and  moment  of  inertia  2  W  r*  =  I,  is 

^21.     (4) 

that  isy  the  product  o/the  moment  0/ inertia  into  the  height  due  to  ike 
vdocity,  &f  0/  a  powU,  ujhose  distance  from  the  aode  qfrotaUon  i§ 
-unity. 

When  a  given  amount  of  enei^  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount. 

Actual  energy,  like  motion,  is  reUuive  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reaeon 
ofite  motion^  it  is  the  motion  rdativdy  to  those  otfter  bodies  that  ia 
to  be  taken  into  account 

For  example,  if  it  be  wished  to  determine  how  many  toms  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  the  Jriction  qfits  bearings  <mly,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — ^the  actual  energy  of 
that  wheel  is  to  be  taken  rdativdy  to  the  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be  detached  from 
the  engine,  and  it  is  inquired  how  high  it  will  ascend  up  a  perfeedy 
smooth  inclined  pUune  before  being  stopped  by  the  attraction  of  the 
earthy  then  its  actual  energy  is  to  be  taken  reUuivdy  to  the  earth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  la  to  be 
added  the  energy  due  to  the  trandotion  or  forwaord  motion  of  tlie 
wheel  along  with  its  axis. 

332.  A  BecipvwcaiiBc  F«rcc  {A.  M.,  556)  is  a  force  which  acts 
aheniately  as  an  effort  and  as  an  equal  and  opposite  resistance^ 
according  to  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
nses  and  fidls;  and  su<m  is  the  elasticity  of  a  perfectly  elastic  body. 
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The  work  -which  a  body  peifonoB  in  moving  against  a  redpxooating 
force  is  employed  in  increasing  its  own  potential  energy,  and  is  hot 
lost  by  the  lody;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  eneigy  is  ttorwi  and  f^ 
stored,  as  well  as  by  alternate  ac^eration  and  retardation. 

Let  s  W  denote  the  weight  of  the  whole  of  the  moving  piecea 
of  any  machine,  and  A  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  rused  and  lowered*  Then  the 
quantity  of  eneigy —  A  i  W 

is  stored  while  the  centre  of  gravity  is  rising,  and  restored  while  it 
is  falling. 

These  principles  are  illustrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engina  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  pL<^n;  and  the  same  weight  acts  as 
effort  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  r^tored,  and  employed  in  performing  the  work  of  raisin  j 
water  and  overcoming  its  friction. 

333.  Pcri«4icMi  ii«tf*a.  (A,  M,,  55 3. )^^If  a  body  moves  in  snok 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing;  and  if,  during  any  part  of  the  period  of  motion,  eneigy 
has  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactiy  must  have  been  during  another  part  of  the  period 
restored  by  retardation  of  the  body. 

If  the  body  also  returns  in  the  courscaf  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — ^for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface— any  quantity  of  eneigy 
which  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactly  restored  duiiiig 
another  part  of  the  period. 

Hence  <U  the  endo/each  period^  the  equality  of  energy  and  w/rhf 
and  the  balance  of  mean  effort  and  mean  resistance,  hoUle  with 
respect  to  the  drivmg  effort  and  the  resistances,  exactly  as  if  the  speed 
toere  uniform  and  the  reeiproeating  forces  ntUl;  and  all  the  equa- 
tions of  Articles  324  and  i26  are  applicable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  324,  and  equation  1  of  Article 
326,  P,  R,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
resiBtanoes^and  velocities, — that  #  and  s'  are  held  to  denote  spaces 
moved  through  in  one  or  more  entire  periods, — and  that  in  equa* 
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tion  2  of  Article  326,  the  integrations  denoted  by  /  be  Held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrated  by  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  ]  eriodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  revoltUioUy  or  double- 
stroke^  every  part  returns  to  its  original  position  and  velocity  ;  so 
that  the  equality  of  energy  and  toark,  and  the  equality  of  the  mean 
effort  to  the  mean  resistance  reduced  to  the  driving  pointy — ^that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — hold  for 
one  or  any  whole  number  of  complete  revolutions^  exactly  as  for 
uniform  speed. 

It  thus  appears  that  (as  stated  at  the  commencement  of  this 
Part)  there  are  two  fundamentally  different  ways  of  considering  a 
periodically  moving  machine,  each  of  which  must  be  employed  5a 
succession,  in  order  to  obtain  a  complete  knowledge  of  its  work- 
ing. 

'^  I.  In  the  first  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  useful  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical. 

'^  II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced." 

334.  fltavtiiif  aa4  8i«ppiii^  {A.  M,,  691.)— The  Parting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  eneigy  required  to  overcome  the  mean 
resistance,  of  an  additional  quantity  of  energy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as 
found  according  to  the  principles  of  Article  331,  page  373. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  the  machine  will  continue  to  go  until  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  eneigy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
^'^^tance  may  be  increased  by  means  of  the  friction  of  a  brake^ 
■^  will  be  further  described  in  the  sequel. 
The  EMcicacy  of  a  machine  is  a  fraction  expressing  the  ratio 
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of  tbe  useful  work  to  the  whole  work,  which  is  equal  to  the  energy 
expended.  The  Gounter-efficienct  is  the  reciprocal  of  tibe 
efficiency,  and  is  the  ratio  in  which  the  energy  expended  is  gpreater 
than  the  useful  work.  The  object  of  improvements  in  machines  is 
to  bring  their  efficiency  and  counter-efficiency  as  near  to  unity  aa 
possible. 

As  to  useful  and  lost  work,  see  Article  308.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy. 
Thus,  let  P  denote  the  mean  effort  at  the  driving  point;  s,  the  space 
described  by  it  in  a  given  interval  of  time,  being  a  whole  number 
of  periods  of  revolutions;  B.^,  the  mean  useful  resistance;  8^,  the 
space  through  which  it  is  overcome  in  the  same  intei*val ;  K^y  any 
one  of  the  wasteful  resistances;  8^^  the  space  through  which  it  is 
overcome;  then 

P*  =  Ri#i  +  2  •  R.*,; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

Ri  ^1  _           Ri  *i  /o\ 

Pf  -R»*.  +  xE.#. ^^^ 

In  many  cases  the  lost  work  of  a  machine,  B,  ^  consists  of  a  oon« 
stant  part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P«  =  (H-A)R,«,  +  B;-| 

R.».  1 


P.    "l+A+  B 


R,«, 


(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mr. 
Moseley  calls  the  **  modulus  **  of  a  machinei 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
oonaistB  in  driving  the  piece  which  follows  it,  and  is  less  jImm^  the 
energy  exerted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 
ing  its  own  firiction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  performed  l^  it  in  driving  the  follow- 
ing piece,  to  the  enei^  exerted  on  it  bv  the  preceding  piece;  and  it 
18  evident  that  the  tffidtmcy  of  a  fnaeMne  is  the  product  of  the  effi^ 
eieneiee  €^  the  seriee  of  fn4wing  pieces  which  tranemU  rniergy  from  the 
driving  point  to  the  working  poinl.   The  same  principle  applies  to  a 
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ti-aln  of  mceeenve  machines,  each  driving  that  which  follows  it;  and 
to  counter-efficiency  as  well  as  to  efficiency. 

336.  P«wer  ■■«  BfllMi— HOT«»-P«wcr. — ^The  power  of  a  machine 
is  the  energy  exerted,  and  the  effect,  the  useful  work  performed,  in 
some  interval  of  time  of  definite  length,  such  as  a  second,  a  minute, 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horsepower,  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pouuds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency ;  and  the  power  is  equal  to  the  ^eot 
multiplied  by  the  counter-efficiency.  The  loss  of  power  is  the  dif- 
ference between  the  effect  and  the  power.  As  to  the  French 
*'  Force  de  Cheval,''  see  Article  299,  page  339.  It  is  equal  to 
0*9863  of  a  British  horse-power;  ana  a  British  horse-power  is 
1*0139  force  de  cheval. 

337.  GeHcna  B4«su«ib — The  following  general  equation  pre- 
sents at  one  view  the  principles  of  the  action  of  machines,  whether 
moving  uniformly,  periodically,  or  otherwise : — 

where  W  is  the  weight  of  any  moving  piece  of  the  machine; 

A,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undergoes  in  the  interval  of  time  under  consideration ;  v,  the 
velocity  at  the  beginning,  and  v^  the  velocity  at  the  end,  or  the 
interval  in  question,  with  which  a  given  particle  of  the  machine  of 
the  weight  W  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second,  or  9*81  metres  per  second. 


/ 


R  d  e',  the  work  performed  in  overcoming  any  resistance  during 
the  interval  in  question ; 

V  d  8,  the  energy  exerted  during  the  interval  in  question. 


/ 


The  second  and  third  terms  of  the  right-hand  side,  when  positive, 
are  energy  stored;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
as  follows  :— 

The  energy  exerted,  added  to  the  energy  restored,  is  equal  to  ike 
energy  stored  added  to  the  work  performed. 

338.  Thm  PitB«lvl«  mt  Tlrtml  ▼•l*clil««»  when  applied  to  the 
uniform  motion  of  a  machine,  is  expressed  by  equation  3  of  Article 
324,  already  given  in  page  369 ;  or  in  words  as  follows : — The  effort 
is  equal  to  the  sum  of  the  reeistanoes  reduced  to  the  driving  point; 
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that  isy  each  multiplied  by  the  ratio  of  the  velocity  of  its  working 
point  to  the  velocity  of  the  driving  point  The  same  principle, 
when  applied  to  reciprocating  forces  and  to  re-actions  due  to 
varying  speed,  as  well  as  to  passive  resistances,  is  expressed  by 
means  of  a  modified  form  of  the  general  equation  of  Article  337, 
obtained  in  the  following  manner : — Let  n  denote  either  the  ratio 
borne  at  a  given  instant  by  the  velocity  of  a  given  working  point, 
where  the  resistance  R  is  overcome,  to  the  velocity  of  the  driving 
pointy  or  the  mean  value  of  that  ratio  during  a  given  interval  of 
time;  let  n"  denote  the  corresponding  ratio  for  the  vertical  ascent 
or  descent  (according  as  it  is  positive  or  negative)  of  a  moving 
piece  whose  weight  is  W ;  let  n'  denote  the  corresponding  ratio 
for  the  mean  velocity  of  a  mass  whose  weight  is  W,  undergoing 

acceleration  or  retardation,  and  -j-   either  the  rate  of  acceleration 

at 

of  that  mass,  if  the  calculation  relates  to  an  instant,  or  the  mean 

value  of  that  rate,  if  to  a  finite  interval  of  time.     Then  the  effort 

at  the  instant,  or  the  mean  effort  during  the  given  interval,  as  the 

case  may  be,  is  given  by  the  following  equation : — 

gat 

If  the  ratio  n\  which  the  velocity  of  the  mass  W  bears  to  that  of 

dffn'dv.dv 
the  driving  pointy  is  constant,  we  may  put  -j—  =  —,-7-,  where    , 

'  ct  t        il  t  (t  t 

denotes  the  rate  of  acceleration  of  the  driving  point;  and  then  the 

dv  Q 

third  term  of  the  foregoing  expression  becomes  — ^ .  2  •  n'*  W ,  as  in 

formula  2  of  Article  316,  page  363. 

339.  Fmpms  la  9km  lIcclMuUcal  P«w«n»  ■cgtoeUBc  Frietl«a— Par- 
clWM. — The  mechanical  powers,  considered  as  means  of  modifying 
motion  only,  have  been  considered  in  Articles  221  to  224,  pages 
231  to  234.  When  friction  is  neglected,  any  one  of  the  mechan* 
ical  powers  may  be  regarded  as  an  uni/ornUy- moving  simple 
machine^  in  whicJh  one  effort  halanoeB  one  reeietance;  and  in  which, 
consequently,  according  to  the  principle  of  virtual  velocities,  or 
of  the  equidity  of  energy  exei-ted  and  work  done,  the  effort  and 
reeietance  are  to  each  other  inveredy  as  the  vdocitiee  along  their  lines 
of  action  oj  the  points  where  they  are  applied. 

In  the  older  writings  on  mechanics,  the  effort  is  called  the 
power ^  and  the  resistance  the  weight;  but  it  is  desirable  to  avoid 
the  use  of  the  word  "power"  in  this  sense,  because  of  its  being 
very  commonly  used  in  a  different  sense^viz.,  the  rate  at  which 
energy  is  exerted  by  a  prime  mover;  and  the  substitution  of 
"resistance"  for  "weight    is  made  in  order  to  express  the  £ACt^ 
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that  the  principle  just  stated  applies  to  the  overooming  of  all 
of  resistance,  and  not  to  the  lifting  of  weights  only. 

The  weight  of  the  moving  piece  itself  in  a  mechanical  po^vrer 
may  either  be  wholly  supported  at  the  bearing,  if  the  piece  is 
balanced;  or  if  not,  it  is  to  be  regarded  as  divided  iuto  two 
parallel  components,  one  supported  directly  at  the  bearing  and 
the  other  being  included  in  the  effort  or  in  the  resistance,  as  the 
case  may  be. 

The  relation  between  the  effort  and  the  resistance  in  any 
mechanical  power  may  be  deduced  from  the  principles  of  statics; 
viz. : — In  the  case  of  the  lever  (including  the  whed  and  (ude^  from 
the  balance  of  couples  of  equal  and  opposite  moments;  in  the 
case  of  the  inclined  plane  (including  the  wedge  and  the  screw), 
from  the  parallelogram  of  forces ;  and  in  the  case  of  the  pulley, 
from  the  composition  of  parallel  forces.  The  principle  of  virtoal 
velocities,  however,  is  more  convenient  in  calcuLatioiL 

The  total  load  in  a  mechanical  power  is  the  resultant  of  the 
effort,  the  resistance,  the  lateral  components  of  the  forces  acting  at 
the  driving  and  working  points,  and  the  weight  directly  carried  at 
the  bearings ;  and  it  is  equal  and  directly  opposed  to  the  re-action 
of  the  bearings  or  supports  of  the  machine. 

By  the  purchase  of  a  mechanical  power  is  to  be  nnderstood  the 
ratio  borne  by  the  resistance  to  the  effort,  which  is  equal  to  the 
ratio  borne  by  the  velocity  of  the  driving  point  to  that  of  the 
working  point.  This  term  has  already  been  explained  in  connec- 
tion with  the  pulley,  in  Article  201,  pages  215,  216. 

The  following  are  the  results  of  the  principle  of  virtual  velocities, 
as  applied  to  determine  the  purchase  in  the  several  mechanical 
powers : — 

I.  Leveb. — The  effort  and  resistance  are  to  each  other  in  the 
inverse  ratio  of  the  perpendicular  distances  of  their  lines  of  action 
from  the  axis  of  rotation  or  fulcrum ;  so  that  the  pwrchaae  is  the 
ratio  which  the  perpendicular  distance  of  the  effort  from  the  axis 
bears  to  the  perpendicular  distance  of  the  resistance  from  the  axis. 

Under  the  head  of  the  lever  may  be  comprohended  all  taming 
or  rocking  primary  pieces  in  mechanism  which  are  connected  with 
their  drivers  and  followers  by  linkwork. 

II.  Wheel  and  Axle. — The  purchase  is  the  same  as  in  the  case 
of  the  lever;  and  the  perpendicular  distances  of  the  lines  of  action 
of  the  effort  and  of  the  resistance  from  the  axis  aro  the  radii  of  the 
pitch-circles  of  the  wheel  and  of  the  axle  respectively. 

Under  the  head  of  the  wheel  and  axle  may  be  comprehended 
all  turning  or  rocking  primary  pieces  in  mechanism  which  are 
connected  with  their  drivers  and  followers  by  means  of  rolling 
contact,  of  teeth,  or  of  banda    By  the  "  wheel "  is  to  be  understood 
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Ibe  pitch-cylinder  of  that  put  cxf  the  piece  which  is  driyeii ;  and  hj 
tbe  "axle/'  the  pitdi-cylinder  cxf  that  part  of  the  piece  which  drivea 

III.  Inclined  Plane,  and  lY.  Wedge. — ^Here  ihe  parchase,  or 
ratio  of  the  resistance  to  the  efibrt,  is  the  ratio  borne  bj  the  whole 
velocity  of  the  sliding  body  (represented  by  BC  in  fig.  165,  page 
233,  and  Ce  in  fig.  166,  page  234)  to  that  component  of  the 
velocity  (represented  by  B  D  in  fig.  165,  page  233,  and  C  0  in  fig. 
166,  page  234)  which  is  directly  opposed  to  the  resistance:  it 
being  understood  that  the  efibrt  is  exerted  in  the  direction  of 
motion  of  the  sliding  body. 

The  term  indined  plane  may  be  used  when  the  resistance  to 
the  motion  of  a  body  that  slid«  along  a  gaiding  saiface  consists 
of  its  own  weight,  or  of  a  force  lulled  to  a  point  in  it  by  means 
of  a  link;  and  the  term  wedge,  when  that  resistance  consists  of  a 
pressure  applied  to  a  plane  surface  of  the  moving  body,  oblique 
to  its  direction  of  motion. 

V.  Screw. — Let  the  resistance  (R)  to  the  motion  of  a  screw 
be  a  force  acting  along  its  axis,  and  directly  opposed  to  its  advance; 
and  let  the  efifort  (P)  which  drives  the  screw  be  applied  to  a  point 
rigidly  attached  to  the  screw,  and  at  the  distance  r  from  the  axis, 
and  be  exerted  in  the  direction  of  motion  of  that  point  Then, 
while  the  screw  m^kes  one  revolntioo,  the  working  point  advanccfs 
against  the  resistance  through  a  distance  equal  to  the  pitch  (p); 
and  at  the  same  time  the  driving  point  moves  in  its  helical  path 
through  the  distance  J  (4  v^t^+f^;  therefore  the  purchase  of 
the  screw,  neglecting  friction,  is  exprMcd  as  £oUows:— 

P-  p 

length  of  one  coil  of  path  of  driving  point 
""  pitch 

VI.  Pullet.  (See  Articles  200  and  201,  pages  214  to  210,)— 
In  the  pulley  without  friction,  the  purohase  is  the  ratio  borne  by 
the  resistance  which  opposes  the  advance  of  the  running  block  to 
the  effort  exerted  on  the  hauHng  part  of  the  rope;  and  it  is  ex- 
pleased  by  the  number  of  plies  of  rope  by  which  the  running  block 
is  connected  with  the  fixed  block.  ^ 

VIL  The  Hydraulic  Press,  when  fnction  is  neglected,  m»y 
be  included  amongst  the  mechanical  powere,  agreeably  to  ttoe 
definition  of  them  given  at  the  beginning  of  this  Article.     By  the 
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that  the  principle  just  stated  applies  to  the  overcoming  of  all  sorts 
of  resistance,  and  not  to  the  lifting  of  weights  only. 

The  weight  of  the  moving  piece  itself  in  a  mechanical  power 
may  either  be  wholly  supported  at  the  bearing,  if  the  piece  is 
balanced;  or  if  not,  it  is  to  be  regarded  as  divided  into  two 
parallel  components,  one  supported  directly  at  the  bearing,  and 
the  other  being  included  in  the  effort  or  in  the  resistance,  as  the 
case  may  be. 

The  relation  between  the  effort  and  the  resistance  in  any 
mechanical  power  may  be  deduced  from  the  principles  of  statics; 
viz. : — In  the  case  of  the  lever  (including  the  whed  and  <ude)j  from 
the  balance  of  couples  of  equal  and  opposite  moments;  in  the 
case  of  the  inclined  plane  (including  the  wedge  and  the  ecreu))^ 
from  the  parallelogram  of  forces ;  and  in  the  case  of  the  pulley, 
from  the  composition  of  parallel  forces.  The  principle  of  virtual 
velocities,  however,  is  more  convenient  in  calculation. 

The  total  load  in  a  mechanical  power  is  the  resultant  of  the 
effort,  the  resistance,  the  lateral  components  of  the  forces  acting  at 
the  driving  and  working  points,  and  the  weight  directly  carried  at 
the  bearings ;  and  it  is  equal  and  directly  opposed  to  the  re-action 
of  the  bearings  or  supports  of  the  machine. 

By  the  purchaee  of  a  mechanical  power  is  to  be  understood  the 
ratio  borne  by  the  resistance  to  the  effort,  which  is  equal  to  the 
ratio  borne  by  the  velocity  of  the  driving  point  to  that  of  the 
working  point  This  term  has  already  been  explained  in  connec- 
tion with  the  pulley,  in  Article  201,  pages  215,  216. 

The  following  are  the  results  of  the  principle  of  virtual  velocities, 
as  applied  to  determine  the  purchase  in  the  several  mechanical 
powers : — 

I.  Leveb. — The  effort  and  resistance  are  to  each  other  in  the 
invei'se  ratio  of  the  perpendicular  distances  of  their  lines  of  action 
from  the  axis  of  rotation  or  fulcrum ;  so  that  the  purchase  is  the 
ratio  which  the  perpendicular  distance  of  the  effort  from  the  axis 
bears  to  the  perpendicular  distance  of  the  resistance  from  the  axis. 

Under  the  head  of  the  lever  may  be  comprehended  all  turning 
or  rocking  primary  pieces  in  mechanism  which  are  connected  with 
their  drivers  and  followers  by  linkwork. 

IL  Wheel  and  Axle. — ^The  purchase  is  the  same  as  in  the  case 
of  the  lever;  and  the  perpendicular  distances  of  the  lines  of  action 
of  the  effort  and  of  the  resistance  from  the  axis  are  the  radii  of  the 
pitch-circles  of  the  wheel  and  of  the  axle  respectively. 

Under  the  head  of  the  wheel  and  axle  may  be  comprehended 
all  turning  or  rocking  primary  pieces  in  mechanism  which  are 
connected  with  their  drivers  and  followers  by  means  of  rolling 
contact,  of  teeth^  or  of  banda    By  the  *'  wheel "  is  to  be  understood 
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the  pitch-cylinder  of  that  part  of  the  piece  which  is  driven ;  and  hy 
the  "axle"  the  pitch-cylinder  of  that  part  of  the  piece  which  drivea 

III.  Inclined  Plane,  and  lY.  Wedge. — Here  the  purchase,  or 
ratio  of  the  resistance  to  the  effort,  is  the  ratio  borne  by  the  whole 
velocity  of  the  sliding  body  (represented  by  BC  in  ^g.  165,  page 
233,  and  Gc  in  fig.  166,  page  234)  to  that  component  of  the 
velocity  (represented  by  B  D  in  fig.  165,  page  233,  and  C  0  in  iig. 
166,  page  234)  which  is  directly  opposed  to  the  resistance:  it 
being  understood  that  the  effort  is  exerted  in  the  direction  of 
motion  of  the  sliding  body. 

The  term  inclined  jdcme  may  be  used  when  the  resistance  to 
the  motion  of  a  body  that  slides  along  a  guiding  surface  consists 
of  its  own  weight,  or  of  a  force  applied  to  a  point  in  it  by  means 
of  a  link;  and  the  term  wedge,  when  that  resistance  couidsts  of  a 
pressure  applied  to  a  plane  surface  of  the  moving  body,  oblique 
to  its  direction  of  motion. 

Y.  Screw. — Let  the  resistance  (R)  to  the  motion  of  a  screw 
be  a  force  acting  along  its  axis,  and  directly  opposed  to  its  advance; 
and  let  the  effort  (P)  which  drives  the  screw  be  applied  to  a  point 
rigidly  attached  to  the  screw,  and  at  the  distance  r  from  the  axis, 
and  be  exerted  in  the  direction  of  motion  of  that  point  Then, 
while  the  screw  m^kes  one  revolution,  the  working  point  advances 
against  the  resistance  through  a  distance  equal  to  the  pitch  (p); 
and  at  the  same  time  the  driving  point  moves  in  its  helical  path 
through  the  distance  J  (4  «*  r* +/>*);  therefore  the  purchase  of 
the  screw,  neglecting  friction,  is  expressed  as  follows:— 

R      J4y^rg  +  p^ 

length  of  one  coil  of  path  of  driving  point 
"  pitch 

VI.  Pulley.  (See  Articles  200  and  201,  pages  214  to  216.)— 
In  the  pulley  without  friction,  the  purchase  is  the  ratio  borne  by 
the  resistance  which  opposes  the  advance  of  the  running  block  to 
the  effort  exerted  on  the  hauling  part  of  the  rope ;  and  it  is  ex- 
pressed by  the  number  of  plies  of  rope  by  which  the  running  block 
is  connected  with  the  fixed  block. 

YIL  The  Hydraulic  Press,  when  friction  is  neglected,  may 
be  included  amongst  the  mechanical  powers,  agreeably  to  the 
definition  of  them  given  at  the  beginning  of  this  Article.  By  the 
resistance  is  to  be  understood  the  force  which  opposes  the  outward 
motion  of  the  press-plunger,  A,  fig.  159,  page  224;  and  by  the 
effort,  the  force  which  drives  inward  the  pump-plunger,  A'.  The 
intensity  of  the  pressure  exerted  between  each  of  the  two  plungers 
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and  the  fluid  is  tlie  same;  therefore  the  amount  of  the  presBure 
exerted  between  each  plunger  and  the  fluid  is  proportional  to  tiie 
area  of  that  plunger;  so  that  the  purchase  of  the  hydraulic  press  is 
expressed  as  follows : — 

R  __  A  __  transverse  area  of  press-plunger  ^ 
P  ^  A'  ""  transverse  area  of  pump-plunger ' 

and  this  is  the  reciprocal  of  the  ratio  of  the  velocities  of  those 
plungers,  as  already  shown  in  Article  209,  page  223. 

The  purchase  of  a  train  of  mechanical  powers  is  the  product  of 
the  purchases  of  the  several  elementary  parts  of  that  train. 

The  object  of  producing  a  purchase  expressed  by  a  number  greater 
than  unity  is,  to  enable  a  resistance  to  be  overcome  by  means  of  an 
efibrt  smaller  than  itself,  but  acting  through  a  greater  distance; 
and  the  use  of  such  a  purchase  is  found  chiefly  in  machines  driven 
by  muscular  power,  because  of  the  effort  being  limited  in  amount. 

Section  IV. — 0/  Dynamometers, 

340.  Pyai— itww  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows  : — 

I.  Instruments  which  merely  indicaie  ike  force  exerted  between 
a  driving  body  and  a  driven  body,  leaving  the  diskmee  through 
which  that  force  is  exei'ted  to  be  observed  independently.  The 
following  are  examples  of  this  class  : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance,  as  in  Scott  RusselFs  expeiimeuts  on  the  resistance 
of  boats.     {Edin,  Trans.,  xiv.) 

b.  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  other  body, 
as  in  Milne's  mercurial  dynamometer. 

e.  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  friction,  which  is  measured  by  a  weight,  as 
in  Prony's  dynamometer  (described  further  on). 

d.  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes. 

II.  Instruments  which  record  at  once  the  force,  moUorif  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be,  whose  abscissn  represent  the  distances  moved  through, 
its  ordinates  the  resistances  overcome,  and  its  area  the  work  per* 
formed  (as  in  fig.  241,  page  346). 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body;  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
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'With  a  velocity  bearing  a  known  constant  proportion  to  the  velo- 
city with  which  the  reeoatance  is  overcome.  The  spring  carries  a 
pen  or  pencil^  which  marks  on  the  paper  or  card  the  required  line. 
The  following  are  examples  of  this  class  of  instruments :  — 

a.  Morin*s  Traction  Dynamometer. 

b.  Morin's  and  Him*s  Rotatory  Dynamometera 
a.  The  Steam  Engine  Indicator. 

III.  Instruments  called  InUgrating  Dynamofnet^rg,  which  re- 
cord the  work  performed,  bnt  not  the  resistance  and  motion 
separately.  ^ 

measures  the  useful  work  performed  ,»^BH 

by  a  prime  mover,  by  causing  the    ^^fi 

whole  of  that  work  to  be  expended      ^ 

in    overcoming   the  friction   of  a      ^ 

brake.     In  fig.  249,  A  represents  a  Fig.  249. 

cylindrical    drum,    driven   by   the 

prime  mover.     The  block  D,  attached  to  the  lever  B  C,  and  the 

smaller  blocks  with  which  the  chain  E  is  shod,  form  a  brake  which 

embraces  the  drum,  and  which  is  tightened  by  means  of  the.  screws 

F,  F,  until  its  friction  is  sufficient  to  cause  the  dnim  to  rotate  at 

an  uniform  speed.     The  end  0  of  the  lever  carries  a  scal^  G,  in 

which  weights  are  placed  to  an  amount  just  sufficient  to  balance 

the  friction,  and  keep  the  lever  horizontal.     The  lever  ought  to  be 

so  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 

be  balanced  upon  the  axis.     The  lever  is  prevented  from  deviating 

to  any  inconvenient  extent  from  a  horizontal  position'  by  means  of 

safety-stops  or  guards,  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion C  from  the  axis,  gives  the  moment  of  friction,  which  being 
multiplied  into  the  angular  velocity  of  the  drum,  gives  the  rcUe  q/ 
tu^ftu  work  or  effective  power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  fric- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable ;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat. 

The  Motion  dynamometer  is  simple  and  easily  made;  but  it  is 
ill  adapted  to  measure  a  variable  effort ;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
he  interrupted,  which  is  inconvenient  and  sometimes  impracticabla 

342.  OlOTte'a  TnMitoH  l>y— •■Mter.— The  descriptions  of  this 
and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works,  entitled  Sur  qudquee  Appareile  dynamo- 
mikinipiee  and  Notions  fondamenUUes  de  Mieanique, 

Fig.  250  is  a  plan  and  fig.  250  a  an  elevation  of  a  dynamometr 
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forrecotdingbf  a  diagnim  the  vork  of  dragging  a  load  horiaontaUj'. 
a  <i,  bb  &re  a  pair  of  atee]  Bpringa,  through  -wtiicti  the  tractire 
force  is  tmumitted,  and  vhich  nrve  by  their  deflectioa  to  meaanre 


Tig.  250*. 


(bat  force.  They  are  connected  together  at  the  ends  by  the  sted 
links^^  The  ^oi-t  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  c,  vhich  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  &Gei 
of  the  springs  are  straight  and  parallel ;  when  a  force  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  iar  as  to  injure  them  by  means  of  the  safety  bridles  i,  t, 
with  their  bolts  «,  «.  Those  bridles  are  carried  by  tlie  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elastidty 
and  strength. 

The  frame  of  ^e  apparatus  fbr  giving  motion  to  the  paper  baod 
is  carried  by  the  aft«r-gland.  The  principal  parts  of  that  apparstot 
are  the  following : — 

I,  store  drum  on  which  the  paper  baod  is  rolled,  befoi«  the  com* 
menoement  of  the  experiment,  and  off  which  it  is  drawn  as  tJie 
exDeriment  proceeds; 
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^,  iaking-up  dram,  to  which  one  end  of  the  paper  band  is  glued, 

and  which  draws  along  and  rolls  up  the  paper  band  with  a  yelodtj 

proportional  to  that  of  the  vehicle.    Fixed  on  the  axis  of  this  drum 

IS  a  fusee  having  a  spiral  groove  round  it^  whose  radius  graduallj 

increases  at  the  same  rate  as  that  at  which  the  effective  radius  A 

the  drum  g  is  increased  during  its  motion  by  the  rolling  of  sucoea- 

aive  coils  of  pi^)er  upon  it.    The  object  of  this  is  to  prevent  that 

increase  of  the  effective  radius  of  the  drum  from  accelerating  the 

speed  of  the  paper  band; 

n  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
endless  screws  a  velocity  proportional  to  that  of  the  wheek  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
mechanism  is  usually  so  designed  that  Uie  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicle. 

Between  the  drums  I  and  g  there  are  three  small  rollers  to  sup- 
port  the  paper  band  and  keep  it  steady. 

One  of  the  safety  bridles  carries  a  pencil,  k,  which,  being  at  rest 
relatively  to  the  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pendL  lliat  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  241,  page  346. 

An  arm  fixed  to  the  forward  gland  carries  another  pendl,  whose 
position  is  adjusted  before  the  experiment,  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  sero  line.  During  the  ex- 
periment, this  pendl  traces  on  the  paper  band  a  line  such  as 
£  B  G,  fig.  241,  whose  ordinate  or  distance  from  any  given  point 
in  the  sero  line  is  the  deflection  of  the  pair  of  springs,  and  pro- 
portional to  the  tractive  force,  at  the  corresponding  point  in  the 
journey  of  the  vehida 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  dther  by  the  method  described 
in  Artide  289,  page  331,  or  by  an  instrument  for  measuring  the 
areas  of  plane  figures,  called  the  /YsisuMCtfry  or  Flaiameter^  of  which 
various  Ibrms  have  been  invented  faj  Emst^  Sang,  Cleric  MaxweU, 
AmsUer,  and  otbersL 

A  third  pendl,  actuated  by  a  dodc,  is  sometimes  caused  to  mark 
a  series  of  dots  on  the  paper  band  at  equal  intervals  cf  time,  and 
so  to  record  the  changes  of  vdodty. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  anparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  Ibiemost  vehide.  In  audi  a  case  ihe 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving- 
wheel,  which  u  liable  to  slip,  but  from  a  bearing- wheeL 

When  the  ^ipaiatns  is  used  to  record  the  tractive  Ibroe  and 
work  performed  in  towing  a  vessel,  the  appaxmtos  for  moving  th^ 
paper  band  may  be  driven  by  means  of  a  whed  or  £ui,  acted  np 
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by  the  wftter  j  in  whicb  case  the  ratio  of  the  velocity  of  the  band 
to  that  of  the  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs,  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  bsise  in  the  middle ;  that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  should  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formula,  let 

c  be  the  half-length  of  the  spring; 

h,  the  thickness  in  the  middle; 

Xf  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

A',  the  thickness  at  that  point;  then 


►•=A-\/? (1) 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
G(eneral  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  6. 

The  following  is  the  formula  for  calculating  beforehand  the 
probable  joint  deflection  of  a  given  pair  of  springs  under  a  given 
tractive  force : — 

Let  the  dimensions  c,  A,  6  be  stated  in  inches^  and  the  force  P 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modulus  of  eUuticUy  of  steel,  in  pounds  on  the 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.    Then 

y=E6A« : <^> 

The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  spruiga 

343.  WLmWm  R«ttitMT  lhrMiBi«Bi«tcr  is  represented  in  figs.  251, 
S61  Oy  and  is  designed  to  record  the  work  performed  by  a  prime 
mover  in  transmitting  rotatory  motion  to  any  machine.  A  is  a  fast 
pulley,  and  C  a  loose  pulley,  on  the  same  shaft  A  belt  transmits 
motion  from  the  prime  mover  to  one  or  other  of  those  pulleya 
aoorading  as  it  is  desired  to  transmit  motion  to  the  shaft  or  not 
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A  third  pulley,  B,  od  the  same  shafts  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent^  so  that  it  is  capable  of  mor* 


Fig.  261. 


Fig.  361a. 


ing,  relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shaft,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it. 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undergoes  deflection  proportional  to  the  effort  exerted  by 
the  shaft  on  the  pulley. 

A  frame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus,  similar  to  that  used  in 
the  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shaft  rotatea  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotate9 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shafts  and  ceases  to  drive 
the  mechanism ;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  necessary,    (dee  page  446.) 

344.  In  the  TotiIm  Pyw— t^r  (otherwise  called  **  Paod^- 
namometer")  of  M.  G.  A.  Him,  the  tondon  of  the  rotating  r 
which  transmits  power  is  made  the  means  of  measuring  and  r 
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by  the  wftter  j  in  whicb  case  the  ratio  of  the  velocity  of  the  haul 
to  that  of  the  vessel  should  be  determined  by  ezperinieiit. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  tbe 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  m 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs,  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  tbat 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  cod- 
fiists  of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle ;  that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  len^h  should  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formvdsL,  let 

c  be  the  half-length  of  the  spring; 

h,  the  thickness  in  the  middle; 

Xy  the  distance  of  any  point  in  the  spring  from  the  end  nea^e:^t 
to  it; 

h'f  the  thickness  at  that  point;  then 


►•  =  A-Vf <^-> 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
G(eneral  Morin,  should  not  exceed  ih>m  1^  to  2  inchea  Let  it  be 
denoted  by  6. 

The  following  is  the  formula  for  calculating  beforehand  the 
probable  joint  deflection  of  a  given  pair  of  springs  under  a  given 
tractive  force ; — 

Let  the  dimensions  c,  A,  6  be  stated  in  inches^  and  the  foros  F 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modtUiLS  of  eUisticity  of  steel,  in  pounds  on  the 
square  inch.  Its  value,  for  diflerent  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.     Then 

»=E6A» : <*^ 

The  deflection  should  not  be  permitted  to  exceed  about  on^ 
tenth  part  of  the  length  of  the  springa 

343.  n[«riB*ii  ii«ttitMT  ih^MiBiVBictcr  is  represented  in  figs.  25U 
251  Oy  and  is  designed  to  record  the  work  performed  by  a  prifl^ 
mover  in  transmitting  rotatory  motion  to  any  machine  A  is  a  £tft 
pulley,  and  C  a  loose  pulley,  on  the  same  shaft  A  belt  transmitv 
jp^i.: —  «-^tn  the  prime  mover  to  one  or  other  of  those  pullaji 
't  is  denred  to  transmit  motion  to  the  shaft  or  not 
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ing,  by  a  self-acting  apparatus,  the  moment  of  the  couple  bjr  mrbich 
the  shaft  is  driven,  and  the  work  done  by  that  couple.  Two  trains  nf 
wheels,  driven  from  the  shaft  at  two  different  points,  oommiinicate 
rotations  of  equal  speed  in  opposite  directions  about  one  axis  to 
two  bevel- wheels  which  gear  with  an  intermediate  bevel-wheel  at 
opposite  sides  of  its  rim,  forming  a  combination  like  that  sho'wn  ia 
fig.  176,  page  245.  The  axis  of  the  third  wheel,  corresponding  to 
the  train-arm  A  in  fig.  176,  indicates  by  its  position  one-half  of  the 
angle  through  which  the  shaft  is  twisted  between  the  spur-w^heeLt, 
and  communicates  its  motion  to  the  pencil  of  the  recording  appara- 
tus; which  pencil,  as  in  other  recording  dynamometers,  draws  a 
line  on  a  strip  of  paper  that  is  moved  at  a  speed  proportional  to 
the  speed  of  the  shaft  that  transmits  the  power.  (See  Atmaleg  des 
Mines^  1867,  vol.  xL) 

The  only  perfectly  accurate  way  of  determining  the  relation 
between  the  displacement  of  the  pencil  and  the  moment  transmitted 
by  the  shaft,  is  to  ascertain  by  direct  experiment  the  twisting  effect 
of  a  known  couple  when  applied  to  the  shaft  But  a  probable 
approximate  value  of  that  relation  may  be  calculated  as  follows: — 
Let  M  be  the  twisting  moment ;  x,  the  length  of  that  part  of  Uie 
shaft  whose  angular  torsion  is  to  be  determined ;  A,  its  diameter; 
C,  the  co-efficient  of  transverse  elasticity  of  the  material;  #,  tlie 
angle  of  torsion,  in  circular  measure;  then,* 

¥=..5^=„.,s^ ('•) 

Let  n  be  the  ratio  which  each  of  the  contrary  angular  velocities 
of  the  bevel- wheels  corresponding  to  B  and  0  in  fig,  176  bears  to 
the  angular  velocity  of  the  shaft,  and  y  the  length  of  an  index  cor- 
responding to  the  train-arm,  A,  in  that  figure;  then  the  angolar 

displacement  of  that  index  is  -^;  and  the  linear  displacement  of 

its  end  (which  may  be  denoted  by  z)  ia 

n  i  y 

therefore  the  following  formula  expresses  the  relation  between  the 
moment  M,  and  the  displacement  z] 

M^2M^-.C^^,.jg,CA« 

z      ny$     16    nxy  nxy  ^   ' 

Should  the  shaft  be  hollow,  let  K  be  its  internal  diameter;  then 
in  each  of  the  preceding  formul»  for  h^  substitute  A*  -  KK 
The  following  are  v^ues  of  the  oo-efficient  0  : — 

*  Manual  o/ Applied  Mechanics,  Article  322;  page  357. 
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DlmenaloDS  In locliat,....  HQlhiAtrec 

ForoMin Lb«^......  KIlograminaiL 

Cast  Iron^  about 3,850,000  2,000 

Wronght  Iron^  from 8,500,000  6,000 

„                to 10,000,000  7,000 

Steel,                 from 10,000,000  7,000 

„                        to 12,000,000  8,400 

Calculation  may  be  used  pieliminary  to  the  designing  of  the 
apparatus,  in  order  to  find  approximately  the  extent  of  the  dis- 
plaoement  of  the  recording  pencil;  but  the  exact  relation  of  that 
displacement  to  the  twisting  moment  exerted  through  the  shaft 
ought  always  to  be  determined  by  experiment. 

345.  BiMiicity  •€  Sipind  8prfK«i. — As  spiral  or  helical  springs 
are  much  used  in  dynamometric  apparatus,  it  is  convenient  here  to 
state  the  laws  of  their  resistance  to  extension  and  compression. 

In  order  that  such  a  spring  may  be  an  accurate  instrument  for 
measuring  forces — that  is,  in  order  that  the  proportion  borne  by 
the  load  acting  on  the  spring  to  the  extension  or  compression 
which  it  produces  may  be  constant — the  figpro  of  the  spring  should 
be  a  true  helix,  as  described  in  Article  58,  page  36. 

It  is  more  favourable  to  accuracy  to  measure  a  force  by  the  ex- 
tension than  by  the  compression  of  a  spiral  spring;  because  during 
extension  it  preserves  almost  exactly  a  truly  helical  form,  and  the 
coils  remain  in  a  cylindrical  surface;  whereas  during  compression 
the  middle  coils  are  apt  to  swerve  sideways,  so  as  to  make  the 
spring  lose  the  proper  figure.  There  are  cases,  however,  in  which 
the  use  of  the  compression  of  the  spring  is  unavoidable ;  and  then 
it  is  kept  approximately  in  its  proper  figure  by  being  enclosed 
in  a  cylindrical  casing,  which  ought  to  be  so  large  as  not  to 
impede  the  longitudinsd  motion  of  tiie  spring. 

The  pair  of  equal  and  opposite  forces  by  which  a  spiral  spring  is 
stretched  should  act  exactly  along  the  axis  of  the  helix;  for  which 
purpose  the  ends  of  the  spring  should  be  made  fast  to  a  pair  of 
strong  and  stiff  arms,  each  of  which  should  be  perpendicular  to  the 
helix,  and  should  lie  along  a  radius  of  the  cylinder  on  which  the 
helix  is  described,  so  that  the  inner  ends  of  the  arms  may  be  in 
the  axis  of  the  helix;  and  at  those  inner  ends  the  forces  to  be 
measured  should  be  applied.  The  best  form  of  section  for  the 
wire  of  which  the  spring  is  made  is  circular;  because  the  extension 
of  the  spring  depends  on  the  torsion  of  the  wire;  and  the  laws  of 
torsion  are  known  with  greater  precision  for  a  circular  form  of 
section  than  for  any  other. 

The  following  formulie  show  the  relations  between  the  load  and 
the  extension  or  compression  of  the  spring : — 

Let  r  be  the  radius  of  the  cylinder  containing  the  helical  centre 
line  of  the  spiral  spring,  as  measured  from  the  axis  to  the  centre 
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the  wire;  n,  the  number  of  coils  of  which  the  spring  consists;  c/« 
the  diameter  of  the  wire;  C,  the  co-efficient  of  rigidity  or  transverse 
elasticity  of  the  material ;  /,  the  greatest  safe  shearing  stress  upon 
it;  W,  any  load  not  exceeding  the  greatest  safe  load;  v,  the 
corresponding  extension  or  compression ;  Wj,  the  greatest  safe 
steady  load ;  v^,  the  greatest  safe  extension  or  compression ;  theu 

W_   Od*^      ^  _ 0-196 /(/»  12-566 n/r« 

i;  "e^nrS'  ^i~        r        '  ''i  ~         Qd        ' 

If  the  wire  of  which  the  spring  is  made  is  square,  and  of  the 
dimensions  d  x  d,  the  load  for  a  given  deflection  is  greater  than 
for  a  round  wire  of  the  diameter  d,  in  the  ratio  of  281  to  196,  or 
of  1-43  to  1,  or  of  10  to  7,  nearly. 

The  values  of  the  co-efficient,  0,  of  transverse  elasticity  of  steel 
and  charcoal  iron  wire,  in  lbs.  on  the  square  inch,  range  between 
10,500,000  and  12,000,000;  and  in  kilogrammes  on  the  square 
millimetre,  from,  7,400  to  8,400,  nearly. 

By  the  greatest  safe  stress  is  to  be  understood  the  greatest  stress 
which  is  certain  not  to  impair  the  elasticity  of  the  spring  by  fre- 
quent repetition;  say  30,000  lbs.  on  the  square  inch. 

W 

The  value  of  the  ratio  —  borne  by  the  load  to  the  extension 

ought  to  be  ascertained  by  direct  experiment  for  every  spring  that 
18  used  in  dynamometers  or  indicators. 

346.  SiMSi  Baslfle  lBd|cat«r.^This  instrument  was  invented 
by  Watt,  and  has  been  improved  by  other  inventors,  especially 
M'Naught  and  Richards.  Its  object  is  to  record,  by  means  of  a 
diagram,  the  intensity  of  the  pressure  exerted  by  steam  against  one 
of  the  faces  of  a  piston  at  each  point  of  the  piston's  motion,  and  so 
to  afford  the  means  of  computing,  according  to  the  principles  of 
Articles  302  and  307,  first,  the  energy  exerted  by  the  steam  in 
driving  the  piston  during  the  forward  stroke ;  secondly,  the  work 
lost  by  the  piston  in  expelling  the  steam  from  the  cylinder  during 
the  return  stroke;  and  thirdly,  the  difference  of  those  quantities, 
which  is  the  available  or  effective  energy  exerted  by  the  steam  on 
the  piston,  and  which,  being  multiplied  by  the  number  of  strokes 
per  minute  and  divided  by  33,000  foot-pounds,  gives  the  indicatid 

HOBSS-POWEB. 

The  indicator  in  a  common  form  is  represented  by  fig.  252.  A  B 
is  a  cylindrical  case.  Its  lower  end.  A,  contains  a  small  cylinder, 
fitted  with  a  piston,  which  cylinder,  by  means  of  the  screwed 
nozzle  at  its  lower  end,  can  be  fixed  in  any  convenient  position 
on  a  tube  communicating  with  that  end  of  the  engine-cylinder 


Fr«.  tu. 
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vhera  the  vork  of  the  Bt««ai  is  detemiined.  The  communication 
between  the  engine-cylinder  and  the  indicator-cylinder  can  be 
opened  and  abut  at  will  by  means  of  the  cock  K. 
"Wbea  it  is  open,  the  intensity  of  the  pressure  of 
the  steam  on  the  engine-piaton  and  on  the  indi- 
cator-piston is  the  same,  or  nearly  the  same. 

The  upper  end,  B,  of  the  cylindrical  case 
tains  a  spiral  spring,  one  end  of  which  i: 
tached  to  the  piston,  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.     The  indicator-piston 
is  pressed  from  below  by  the  steam,  and  fVom 
above  by  the  atmosphere.     When  the  pressure  , 
of  the  steam  is  eqnal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstrained  length,  and  the 
piston  its  original  posiUon.     When  the  pressure    . 
of  the  steam  exceeds  that  of  the  atmosphere, 
tiie  piston  is  driven  outwards,  and  the  spring 
compressed;  when  tiie  pressure  of  the  steam  is 
lees  than  that  of  the  atmosphere,  the  piston  is 
driven  inwards,  and  the  spring  extandea.     The 
compression  or  extension  of  the  spring  indicates 
the  difference,  upward  or  downward,  between  the  pressure  of  the 
steam  and  that  of  the  atmosphere. 

A  short  arm,  C,  projecting  from  the  indicator  pistou'rod  carries  at 
one  side  a  pointer,  D,  which  shows  the  pressure  on  a  scale  whose 
lero  denotes  the  ;>ratturs  of  the  altnotphare,  and  which  is  graduated 
into  pounds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil,  E. 

F  is  a  brass  drum,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  be  used,  is  covered  with  a 
piece  of  paper  called  a  "card."  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  H,  which  wraps  on  the  pulley  O,  and 
pulled  back  to  its  original  position  by  a  spring  containnl  within 
itBelf.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  ensure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engiue  piston :  the  back  and 
forward  motion  of  the  surioce  of  the  drum  repreoentiug  that  of  the 
steam  engine  piston  on  a  rednced  scale.  This  having  been  done^ 
and  before  opening  the  cock  K,  the  pencil  is  to  be  ^aced  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  spread  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  tUmo^ihime  line.  In  fi^ 
253  it  is  represented  by  A  A. 
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Fig.  268. 


Then  tlie  cock  K  is  opened,  and  the  penc3,  moving  up  and  down 

with  the  variations  of  the  pressore 
of  the  steam,  traces  on  the  card 
during  each  complete  or  douhle 
stroke  a  curve  such  as  B  G  D  E  Bl 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 

line,  such  as  H  J^  and  H  G,  indi* 
cate  the  differences  between  the 
— V  pressure  of  the  steam  and  the  at- 
mospherio  pnHsure  at  the  com- 
spending  point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  BODE  represent  the  pres- 
sures of  the  steam  during  the  rorward  stroke,  when  it  is  driving 
the  piston;  those  of  the  part  E  B  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicatoivdiafframs  of  steam 
engines,  the  atmospheric  pressure  at  the  time  of  uie  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gen- 
erally omitted;  in  which  case  the  atmospheric  pressure  mav  be 
assumed  at  its  mean  value,  being  14*7  lbs.  on  the  square  inch,  or 
2116*3  lbs.  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  B  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  Y  parallel  to  A  A  is  the  absolute  or  irvs 
zero  line  of  the  diagram,  corresponding  to  no  preasu/re;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  E  be  ordi- 
nates touching  the  ends  of  the  diagram ;  then 

O  L  represents  the  vclumo  traversed  by  the  piston  at  each  single 
stroke  (  s  s  A,  where  9  is  the  length  of  tiie  stroke  and  A  the  area 
of  the  piston); 

The  area  OBCDELO  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke; 

The  area  O  B  E  L  O  represents  the  work  lost  in  expelling  the 
steam  during  the  return  stroke; 

The  area  B  0  D  E  B,  being  the  difference  of  the  above  areas, 
represents  the  ejfficiive  voork  of  the  steam  on  the  piston,  during  the 
complete  stroke. 

Those  areas  can  be  found  by  the  Rules  of  Article  289,  page 
331 ;  and  the  common  trapessoidal  rule,  D,  page  333,  is  in  general 
sufficiently  accurate.  The  number  of  intervals  is  usually  ten,  and 
of  ordinates  eleven. 

The  moan/bruxiTd  presBua^^  the  tnean  hack  presmre^  and  the  mean 
^^^^1)6  preMure^  are  found  by  dividing  those  three  areas  respeo. 

J  the  volume  s  A,  which  is  represented  by  O  L. 
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Those  mean  pressares,  however,  can  be  found  by  a  direct  process, 
'without  first  measuring  the  areas,  yi&: — ^having  multiplied  each 
ordinate,  or  breadth,  of  the  area  under  consideration  by  the  proper 
multiplier,  divide  the  sum  of  the  products  by  the  sum  of  the 
multipliers,  -which  process,  when  the  common  trapezoidal  rule  is 
used,  takes  the  following  form:  add  together  the  halves  of  the 
endmost  ordinates,  and  the  whole  of  uie  Other  ordinates,  and 
divide  by  the  number  of  intervals.  That  is,  let  Iq  be  the  first,  b« 
the  last,  and  5^,  b^  &c.,  the  intermediate  breadths;  then  let  n  be 
the  number  of  mtervals,  and  b^  the  mean  breadth;  then 

*-  =  I C^  +  *!  +  »,  +  &c); (1.) 

and  this  represents  the  mean  forward  pressure,  mean  back  pressure 
or  mean  effective  pressure,  as  the  case  may  ba  Let  p,  be  the 
mean  effective  pressure;  then  the  effective  eneigy  exerted  by  the 
steam  on  the  piston  during  each  double  stroke  is  the  product  of 
the  mean  efibctive  pressure,  the  area  of  the  piston,  and  the  length 
of  stroke,  or 

ft  As; (2.) 

and  if  N  be  the  number  of  double  strokes  in  a  minute,  the  (ndicated 
power  infoot-pcunds  p$r  minuU,  in  a  single-acting  engine,  is 

ft  AN*; (3.) 

from  which  the  indieaUd  hone-power  is  found  by  dividing  by  33,000* 
In  a  doMe-aUing  engine  the  steam  acts  alternately  on  either 
side  of  the  piston;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  communicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  thoee  two  reeulie  is  to 
be  taken  as  the  general  mean  effective  preesure;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  twice  the 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute;  that  is  to  say,  if  p"  denotes  the  gen- 
eral mean  effective  pressure,  the  indicated  power  per  minute  is 

p''A-2N*; (4.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
(as  in  'Hrunk  engines"),  the  indicated  power  is  to  be  computed 
separately  for  each  face,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  together. 
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The  re-actions  of  the  moving  parts  of  the  indicator,  oombined  with 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston.  In 
order  that  the  errors  thus  produced  in  the  indicated  pressures  at 
particular  instants  may  be  as  small  as  possible,  and  may  neutndun 
each  other's  effects  on  the  whole  indicated  power,  the  moving 
masses  ought  to  be  as  small  as  practicable,  and  the  spring  as  stiff 
as  is  consistent  with  showing  the  pressures  on  a  visible  scale.  In 
Eichards's  indicator  this  is  effected  by  the  help  of  a  train  of  Terv 
light  linkwork,  which  causes  the  pencil  to  show  the  movements  of 
the  spring  on  a  magnified  scale. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on 
the  whole  to  make  the  indicated  power  and  indicated  mean 
effective  pressure  less  than  the  truth,  but  to  what  extent  is  un- 
certain. 

Every  indicator  should  have  the  accuracy  of  the  gradaation  of  its 
scale  of  pressures  frequently  tested  by  comparison  with  a  standard 
pressure  gauge. 

The  indicator  may  obviously  be  used  for  measuring  the  energy 
exerted  by  any  fluid,  whether  liquid  or  gaseous,  in  driving  a 
piston ;  or  the  work  performed  by  a  pump,  in  lifting,  propelling, 
or  compressing  any  fluid. 

347.  ■■tcvniiiag  t^jmmmmmMimn  record  simply  the  work   per- 
formed in  dragging  a  vehicle  or   driving  a  machine,    withoni 
recording  separately  the  force  and  the  motion.     In  that  of  Morin 
this  is  effected  by  means  of  a  combination  which  has  already  been 
described  in  Article  270,  page  311,  and  illustrated  in  fig.  321.     In 
that  figure  (which  see)  A  represents  a  plane  circular  disc,  made  to 
rotate  with  an  angular  velocity  proportional  to  the  speed  of  the 
motion  of  the  vehicle  or  machine,  and  B  a  small  wheel  driven  by 
the  friction  of  the  disc  against  its  edge,  and  having  its  axis  parallel 
tc  a  radius  of  the  disc.     The  wheel  B,  and  some  mechanism  which 
it  drives,  ai*e  carried  by  a  frame  wliich  is  earned  by  a  dynamometer 
spring,  and  so  adjusted  that  the  distance  of  the  edge  of  B  from  the 
centre  of  A  is  equal  to  the  deflection  of  the  spring,  and  propor- 
tional to  the  effort. 

The  velocity  of  the  edge  of  B  at  any  instant  being  the  product 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A, 
is  proportional  to  the  product  of  the  effort  into  the  velocity  of  the 
vehicle  or  machine — that  is,  to  the  raie  ai  whid^  work  is  fMr/ormed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  tf 
proportional  to  the  work  performed  in  that  time;  and  that  work  can 
be  recorded  by  means  of  dial-plates,  with  indexes  moved  by  a  train 
of  wheelwork  driven  by  the  wheel  B. 

In  Moison*s  integrating  dynamometer  a  ratchet-wheel  is  driven 
by  the  strokes  of  a  click.     (See  Articles  194  to  196,  pages  306  to 

^  >    The  number  of  these  strokes  in  a  given  time  is  proportioaal 


to  the  ipecd  <tf  Ike  Badiae  v^oae  ^ratk  k  to  be  ■mmbrmI  ;  and  bT 
means  of  a  djiMffcrter-mriag  the  lecrUi  of  eadi  stroke  of  iLe 
dick  IS  adjwtod  so  as  to  Le  propordaui  to  tfe  efiori  exerted  at 
tlie  tuBCL  TVe  rcBah  k  tliat  ^  total  extent  of  sotion  of  th^ 
ntdiei- vked  ia  a  grncn  toie  k  prupurtiopal  to  tiie  work  peribraed. 
It  u  oimoai  tbat  tlie  fiiotkBal  calck  mi^t  be  apfilied  to  tkis 
appaiatm  (Ailicle  IS*?,  pa^  211). 

34&  ■cHBVHBna  «r  WiiiHia — ^ITiMier  the  bead  of  Drnamo- 
melera  naj  be  daned  appuatos  lor  tbe  expenmeiiuJ  measarement 
of  fiidioB. 

If  br  iMaiis  cf  anT  kind  of  dTi»inoiDeter  wbose  use  does  na^ 
inToiTe  tbe  mterrBpoas  of  tbe  pnfonnaaoe  of  the  ordinanr  wor^ 
of  a  train  of  ■ifriiiiiHHi,  ve  mfamrrr  tbe  power  tiansmined  at  two 
parts  of  tbat  train,  tbe  di&tcDee  will  be  the  power  expended  in 
OTerooming  tbe  frieoan  of  tbe  intermediate  parts.  Him*s  Fan- 
djnamomeCcr  /Artide  Z44^  page  S^7;  fccms  well  ada}>t<>d  for  ex« 
periments  of  tlis  das.  Tbe  power  of  a  steam  engine^  as  exert<xl 
in  tbe  cylinder,  wbmj  be  measured  bj  means  of  tbe  indkmtor,  and 
tbe  power  tmumitted  to  macLinenr  ahich  tbat  engine  drivets;^  by 
a  soitaUe  djnaaMMMter;  and  tbe  differeikoe  will  be  piwer  ex* 
pended  cbieAj  in  ovemxning  tLc  Miction  of  tbe  iute  meiiate 


Spedal  appaiatofr  for  Beft^^aiing  tbe  friciion  of  axles  is  osed,  not 
onlj  for  pmpusas  of  acieotific  inresdgation  as  to  tbe  oo-edicionta 
of  fnetkm  of  diflcrent  pairs  of  nufioes  in  diderent  states  but  for 
ptactaeallj  testing  tbe  Inbncatang  properties  of  oil  and  grease^ 
Two  Ibms  of  appaimtos  maj  be  daenbed. 

L  Slaticai  AppmroimM. — A  dioK  cylindrical  axle,  of  a  conrniient 
diameter  (say  i^ZjCir  ^  inches),  is  supported  at  ita  ends  bj  bearings 
on  tbe  top  of  a  i«ir  of  strong  fixed  siandard&  The  ends  of  tl.o 
axle  orerbang  tbeir  beatingis  and  cany  a  pair  of  oq\uJ  and  similar 
polleys,  by  means  of  wbidi  it  is  dnren  at  a  speed  equal,  or  nosr*y 
eqoaly  to  tbe  greatest  intended  working  ^»eed  of  the  axles  with 
.  wbicb  tbe  vngaenta  to  be  tested  are  to  be  nsed  in  praetice.  Tito 
ob)ect  of  driving  tbe  axle  at  both  ends  is  to  ensure  great  steadim^^ 
of  motion.  Tbe  d/i^-ing-gear  oogbt  to  be  capable  of  reversing  the 
dixeetaon  of  rotation.  At  tbe  middle  of  its  length  tbe  axle  is 
turned  so  as  to  form  a  rery  accoxate  and  smooth  jonmal,  of  a 
length  eqnal  to  from  1^  to  2^  times  its  diameter.  Upon  tbat 
journal  there  hangs  a  ^ambCT>blo^  or  axle-box,  fitted  with  a 
suitaUe  bosh  or  Uaiing.  That  fJnmber-block  is  rigidly  connected 
with  a  heavy  mass  of  anitable  material,  soch  as  cast  iron,  ao  as  to 
form  as  it  were  a  pemdmittm  hanging  from  the  jonnud  in  the 
middle  of  tbe  axle,  Mod  of  a  wei^t  soited  to  prodnoe  a  prsssai^^ 
<m  the  ioorml  eqoal  to  the  sreaiest  premore  to  which  the  nngneiit 
ii  to  bs  expsaed  m  peaetM  (aea  Aitida  310,  pi^  Sn>    !%• 
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pendulam  is  fomislied  with  an  index  and  graduated  aic,  to  ahov 
its  deviation  from  a  vertical  position. 

The  hanging  plumber-block  having  been  supplied  with  the 
imguent  to  be  tested,  the  axle  is  to  be  driven  at  f idl  speedy  first  in 
one  direction^  and  then  in  the  oontnuy  direction^  and  the  two 
contrary  deviations  of  the  pendulum  observed.  I^  4  denote  the 
half-sum  of  those  deviations,  expressed  in  circular  measure  to 
radius  unity;  e,  the  distance  fkom  the  axis  of  rotation  to  the  centre 
of  gravity  of  the  pendulum;  r,  the  radius  of  the  journal;  let  W  be 
the  weicht  of  the  pendulum;  then  the  mean  statical  moment  of 
the  pendulum  is 

Wcsin^  =  Wc^  nearly; 

and  that  moment  balances  the  moment  of  friction  (Article  311, 
page  356),  whose  value  is  /  W  r  nearly,  and  will  be  afterwards 
shown  to  be  exactly 

W  r  sin  ^, 

0  being  the  angle  of  repose.  Equating,  therefore,  those  two  equal 
moments,  we  find 

r  sin  ^  s  c  sin  I;  and 

c              c  $ 
sin  ^  =y nearly  z=  '  sin  1  =  — neai-ly. (1.) 

The  distance,  c,  of  the  centre  of  gravity  of  the  pendulum  from  the 
axis  may  be  found  experimentally,  by  applying  a  known  weight 
at  a  known  horizontal  distance  from  the  axis,  so  as  to  make  the 
pendulum  deviate,  and  observing  the  deviation.  Let  P  be  the 
weight  so  applied,  x  its  leverage,  e  the  deviation  which  it  produces; 
then,  if  there  were  no  friction,  we  should  have 

Pa: 
e  = 


Wsine 


In  order  te  eliminate  the  effects  of  friction  from  the  determination 
of  c,  the  load  P  with  the  leverage  x  should  be  applied  at  contraiy 
sides,  so  as  to  increase  the  deviation  of  the  pendulum,  while  the 
axle  is  rotating  in  the  two  contrary  directions. 

Let  sin  §  be  the  mean  of  the  sines  of  the  deviations  produced  by 
friction  alone,  and  sin  O  the  mean  of  the  sines  of  the  deviations 
produced  by  the  friction  and  the  load  P  together;  then  we  shall 
have 

Vx 

^  °  W(8in0-.sin^)' ^^^ 

II.  Dynamic  or  Kinetic  Apparaiua, — ^To  measure  the  friction  of 
an  axle  by  means  of  its  retarding  effect  upon  a  rotating  mass,  the  axle 
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is  sapporied  on  suitable  besrings  at  its  ends,  as  in  the  Statical 
Apparatus  just  described ;  and  at  the  middle  of  its  length  it  has 
fitted  on  it»  and  accaratel j  balanced,  a  round  disc  acting  as  a  fly- 
'wheel)  of  weight  sufficient  to  produce  the  required  pressure  on  the 
bearings.  (See  Article  310,  page  353.)  The  numbers  of  turns 
made  hj  the  aide  are  counted  and  indicated  by  means  of  a  light  and 
easily-driven  train  of  small  wheels,  with  dial-plates  and  indexes. 

The  axle  is  provided  with  driving-gear  of  a  kind  which  can  be 
instantly  disengaged  when  required;  for  example,  a  fiist  pulley  on 
one  overhanging  end,  with  a  loose  pulley  alongside  of  it»  the  loose 
pulley  being  carried,  not  by  the  fly-axle  itself,  but  by  a  separate 
axle  in  the  same  straight  line  with  the  fly-axle. 

After  the  axle  with  its  fly-disc  has  been  set  in  motion  at  a  speed 
greater  than  the  working  speed  of  the  axles  to  which  the  unguent 
to  be  tested  is  to  be  applied  in  practice,  the  driving-gear  is  to  be 
disengBged;  when  the  speed  of  rotation  will  undergo  a  gradual 
retardation  through  the  friction  of  the  joumala  The  numbers  of 
turns  made  in  a  series  of  equal  intervals  of  time  (for  example, 
intervals  of  thirty  seconds,  or  of  sixty  seconds,  or  of  a  hundred 
seconds)  are  to  be  observed  on  the  counting  dials,  and  noted  down. 

Let  w  denote  the  weight  of  the  whole  rotating  mass,  con- 
sisting of  the  axle  with  its  fly-disc;  f,  the  radius  of  gyration 
of  that  mass.  (See  Article  313,  page  357).  Let  t  be  the  uni- 
form length  in  seconds  of  the  intervals  of  time  during  which 
the  numbers  of  rovolutions  are  recorded;  and  in  one  of  those 
intervals  let  the  disc  make  n  revolutions,  and  in  the  next 
interval  n'  revolutions.     Then   the  mean   angular   velocity   i^ 

during  the  first  interval,  — - — ^  and  during  the  second  interval, 

— - — ;  and  treating  the  rate  of  retardation  as  sensibly  uniform,  the 

retardation  which  takes  place  during  the  t  seconds  which  elapse 
from  the  middle  of  the  first  interviu  to  the  middle  of  the  second 
interval  is 

2w{n  ^n') 

t  ' 

and  to  produce  that  retardation  in  the  course  of  <  seconds  in  a  body 
whose  moment  of  inertia  is  W^*,  there  is  required  a  retarding 
moment  of  the  following  value : — 

^^2,(n-rpW^ 

Part  of  the  retarding  moment  is  due  to  the  resistance  of  the  air; 
but  if  the  fly  is  a  smooth  round  disc  without  arms,  this  may  be 
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neglected  for  the  purpose  of  the  experiments,  and  tbe  whole  moment 
treated  as  ^ue  to  axle-friction.  Let  r  be  the  radius  of  the  jooroals, 
and  f  the  'co-efficient  of  friction  :  then,  as  before,  the  moment  of 
friction  is  very  nearly/ W  r;  and  by  equating  this  to  the  retard- 
ing moment,  and  dividing  both  sides  of  the  equation  by  W  r,  we 
obtain  the  following  formula  for  the  co-efficient  of  friction : — 

2  ^  (n  -  nQ  e' 
^  "  V^T        ^^> 

When  the  numbers  of  revolutions  have  been  observed  during  a 
series  of  more  than  two  equal  intervals  of  time^  the  formula  2  for 
the  co-efficient  of  friction  is  to  be  applied  to  each  conBecutiTe  pair 
of  intervals,  and  a  mean  of  the  results  taken. 

The  radius  of  gyration  e  &nd  the  radius  of  the  journal  >  r  shoald 
of  course  be  expressed  in  the  same  units  of  measare.  In  British 
measures,  feet  are  the  most  convenient  for  the  present  purpooe. 
The  constant  factor  has  the  following  values  : — 

2- 1_  = L_  /3| 

g    "^  5125  feet      1*56  mHre ^    ' 

Similar  experiments  may  be  made  with  a  disc  rotating  about  a 
vertical  axis,  and  supported  by  a  pivot;  regard  being  had  to  the 
value  of  the  moment  of  friction  of  a  pivot,  as  stated  in  Article  311, 
page  356. 

To  find  the  square  ^  of  the  radius  of  gjrration  by  experiment^ 
fix  a  pair  of  slender  pins  in  the  two  faces  of  the  disc  at  two  points 
opposite  each  other,  and  near  its  circumference;  hang  up  the  disc 
with  its  axle  by  these  pins,  and  make  it  swing  like  a  pendulum  in 
a  plane  perpendicular  to  its  axis;  count  the  number  of  single 
swings  in  some  convenient  interval  of  time ;  calculate  their  namber 
per  second,  and  let  N  denote  that  number.  Then  calculate  the 
length  L  of  the  equivalent  simple  pendulum,  by  the  following 
formula : — 

^  =  Plfl-  — • (*•) 

The  constant  factor  of  this  expression,  being  the  length  of  tlie 
seconds  pendulum,  has  approximately  the  following  values: — 

^  «  3-26  feet  =  0992  m^tre. (5.) 

Let  C  be  the  distance  from  the  point  of  suspension  to  the  axis 
of  figure  of  the  disc  and  axle;  then  the  square  of  the  radius  of 
gyration  is  calculated  as  follows  : — 

e»  =  C(L-C). (6.) 
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When  the  object  of  the  experiments  is  not  to  obtain  absolute 
yalues  of  the  co-efficient  of  friction,  but  merely  to  compare  one 
specimen  of  unguent  with  another,  it  is  sufficient  to  compare 
together  the  rates  of  retardation  with  the  two  unguents  in  equal 
intervals  of  time. 

III.  Comparison  of  Heating  Effects, — For  the  same  purpose  of 
comparing  unguents  with  each  other,  without  measuring  the  friction 
absolutely,  the  heating  effects  of  the  friction  with  different  unguents 
are  sometimes  compared  together.  The  apparatus  used  is  similar 
to  that  described  under  the  head  of  (I.)  Static  Apparatus ;  except  that 
there  is  no  rever8ing-gear,and  that  the  pendulum, or  loaded  plumber- 
block,  has  no  index  nor  graduated  arc,  and  is  provided  with  a  ther- 
mometer, having  its  bulb  immersed  in  the  passage  through  which 
the  unguent  flows  from  the  grease-box  to  the  journal.  Another 
thermometer,  hung  on  the  wall  of  the  room,  shows  the  temperature 
of  the  air.  The  axle  is  driven  at  its  proper  speed,  until  the 
temperature  shown  by  the  first-mentioned  thermometer  ceases  to 
rise;  and  then  the  elevation  of  that  temperature  above  the 
temperature  of  the  air  is  noted.    (See  Article  310,  page  353.) 

In  all  experiments  for  the  purpose  of  comparing  unguents  with 
each  other,  care  should  be  tiucen  to  remove  one  sort  of  unguent 
completely  from  the  rubbing  surfaces,  grease-box,  and  passages, 
before  beginning  to  test  the  effect  of  another  sort,  lest  the  mixture 
of  different  sorts  of  unguents  should  make  the  experiments  incon- 
clusive. 


Addendum  to  Abticlk  309,  Page  348. 


VrictlMi  mf  Plai«M  nki  Ptaagcn. — From  experiments  made  by 
Mr.  William  More  and  others,  it  appears  that  the  friction  of 
ordinary  pistons  and  plungers  may  be  estimated  at  about  one- 
tenth  of  the  amount  of  the  effective  pressure  exerted  by  the  fluid 
on  the  piston. 

The  friction  of  a  plunger  working  through  a  cupped  leather 
collar  is  equal  to  the  pressure  of  the  fluid  upon  a  ring  equal  in 
circumference  to  the  collar,  and  of  a  breadth  which,  according  to 
Mr.  More*B  experiments,  is  about  0*4  of  the  depth  of  bearing-sur- 
face of  the  collar;  and  according  to  the  experiments  of  Messrs. 
Hick  and  Lnthy,  from  -01  to  -015  inch  (=  from  *25  to  -375 
millimetres),  according  to  the  state  of  lubrication  of  the  collar. 
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CHAPTER  IIL 

OF  BBGULATINa  APPARATUS. 


349.  BesalatlHC    Appumtu    Clawci— Biato— Fly— 4 

The  effect  of  all  regalating  apparatus  is  to  control  the  speed  of 
maclimery.  A  regulating  instrument  may  act  simply  by  con- 
suming energy,  so  as  to  prevent  acceleration,  or  produce  re- 
tardation, or  stop  the  machine  if  required;  it  is  then  called  a 
brake;  or  it  may  act  by  storing  surplus  eneigy  at  one  time,  and 
giving  it  out  at  another  time,  when  energy  is  deficient:  in  this 
case  it  is  called  tkjly;  or  it  may  act  by  adjusting  the  power  of  the 
prime  mover  to  the  work  to  be  done,  when  it  is  call^  a  governor. 
The  use  of  a  brake  involves  waste  of  power.  A  fly  and  a  governor, 
on  the  other  hand,  promote  economy  of  power  and  economj  of 
strength. 

Sbction  I. — OfBrakee. 

350.  BnkM  Bcflacdi  waUL  ciMMd. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exerted  amongst  solid  or  fluid  particles^ 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it^  to  retaid  it,  or  to  employ  superfluous  eneigy  during  uniform 
motion.  The  use  of  a  brake  involves  waste  of  eneigy,  wliich  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows : — 

I.  Block-brakes,  in  which  one  solid  body  is  simply  pressed  against 

another,  on  which  it  rubs. 

IL  FleasSble  brakes,  which  embrace  the  periphery  of  a  drum  or 

dl^  (as  in  IVonv's  Dynamometer,  Article  341,  page  383)l 

IIL  Pump-brcJees,  in  which  the  resistance  employed  is  the 

friction  amongst  the  particles  of  a  fluid  forced  through  a  narrow 

passu;e. 

r^  Fanrbrakes,  in  which  the  resistance  employed  is  that  of  a 

fluid  to  a  fan  rotating  in  it 

351.  ActtoB  •€  BnkM  !■  CtoacvsL — The  work  disposed  of  bj  a 
brake  in  a  given  time  is  the  product  of  the  resLstance  which  it  pro- 
duces into  the  distance  through  which  that  resiBtance  is  overcome 
in  a  given  time. 

To  siop  a  machine,  the  brake  must  employ  work  to  the  amount 
of  the  whole  actual  energy  of  the  machine^  as  already  stated  in 


^ 
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Article  334.  To  retard  a  machine,  the  brake  must  employ  work 
to  an  amount  equal  to  the  di£ference  between  the  actual  energies 
of  the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  of  surplus  energy^  the  brake  must  employ  work  equal 
to  that  energy;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  enei^  is  due;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P,  the  surplus  effort  at 
the  driving  pointy  and  R  the  resistance  of  the  brake,  we  ought  to 
have— 

R  =  ?  (1.) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is  long- 
continued,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfaces,  to  abstract  the  heat  that  is  produced  by  the  friction, 
according  to  the  law  stated  in  Article  31 1,  page  354. 

352.  Block-Brakes. — ^When  the  motion  of  a  machine  is  to  be 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of 
a  rotating  drum,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew 
the  rubbing  stirface  of  the  block  than  that  of  the  drum,  that  the 
drum  should  be  of  the  harder,  and  the  block  of  the  softer  material 
—the  drum,  for  example,  being  of  iron,  and  the  block  of  wood. 
The  best  kinds  of  wood  for  this  purpose  are  those  which  have  con- 
siderable strength  to  resist  crushing,  such  as  elm,  oak,  and  beech. 
The  wood  forms  a  facing  to  a  frame  of  iron,  and  can  be  renewed 
when  worn. 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum,  so  as  to  make  an  angle  with  the  radius  of  the 
drum  equal  to  the  angle  of  repose  of  the  rubbing  surfaces  (denoted 
by  ^ ;  see  page  349).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  the  friction 
(K);  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (N)  required  in  order  to  produce  that  friction,  and 
is  given  by  the  equation 

N  =  ?] (1.) 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  351. 

It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  drum  by  means  of 

2d 
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tbe  atrengtih  pi  one  man,  pulling  or  pnehing  a  handlft  wiih. 
hand  or  one  £ooL  As  the  reqnued  aonnaL  prcaame  N  ia  vsoally 
considerablj  gEeater  than  the  ibroe  which  ona  maa  can.  ^meart,  a 
lever,  or  Hcrew,  «r  a  tiaia  a£  levers^  aerewa^  or  etiier  eaa^Toimit 
mechaniam,  atimt  be  interposed  between  the  brake  Uaeik  and  tha 
handle,  ao  that;  whm  the  block  is  moTed  towasda  the  dmaa,  tluo 
handle  shall  move  ait  least  throngh  a  distancB  aa^nany  tiaiea  greateg 
than  the  distance  by  which  the  block  dwtaify  a^nEoachaa  the  dnmi, 
as  the  reqnired  normal  pressue  ia  gveatflr  thui  tha.  fana  wiunk 
the  man  can  exert 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.,  or  150  lbs.,  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a  foroe 
greater  than  he  can  keep  up  for  a  considerable  time,  and  exert  re- 
peatedly in.  the  oourse  of  a  day^  without  &tigae  that  ia  to  aay» 
about  20  lbs.  or  25  lbs. 

.  353.  The  Uarnkmrn  •€  Covteaw  ue  asoally  of  the  dan  jnat  da- 
acribedy  and  are  ^plied  either  to  the  wheels  themadvoa  or  to 
drums  rotating  along  with  the  wheekL  Their  effect  ia  to  atop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  fliip»  instead  <^ 
soiling  on  the  road  or  railway.  The  resiatanoe  to  the  motioii  o£  a 
carriage  which  is  caused  by  its  brake  may  be  lessy  bat  camiofe  be 
greater,  than  the  McUon  of  the  stopped  or  retarded  wheeb  oa  tiia 
road  or  rails  under  the  load  which  rests  on  those  whaela*  Tha 
diBtance  which  a  carriage  or  train  of  carriages  will  ran  <m  a  Je^n^ 
line  during  the  action  of  the  brakea  before  stopping,  ia  fioond  by 
dividing  &  actual  energy  of  the  moving  maaa  before  the  farakaa 
are  applied,  by  the  snm  of  the  or^nary  resistance  and  of  the  addi- 
tional lesuaiaaoe  cansed  by  the  brakes;  in  other  words,  that  <fi»- 
tance  is  as  many  times  greater  than  the  height  due  to  the 
the  weidit  of  the  moving  maaa  is  greater  than  the  total 

The  Mdr  or  dipp&r-dragy  being  plaoed  under  a  wheel  of]  _ 

eauaea  a  resistance  due  to  the  fidction  of  the  skid  upon  the  road  or 
rail  under  the  load  that  rests  on  the  wheel 

354  vtaiktoSMkM.  {A.  M^  678.)— A  flexible  brake 
a  greater  or  less  arc  of  the  rim  of  a  drum  or  pulley  whose 
it  resists.  In  some  cases  it  consists  of  an  iron  stnux  of  a 
naturally  a  little  greater  than  tibat  of  the  drum;  so  uiat  whaa  left 
free,  the  strap  remains  out  of  contact  with  the  drum,  and  does  iia4 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps- the  drum,  and  produces  the  required  friction.  The 
rim  of  the  drum  may  be  either  of  iron  or  of  wood.  In  other  cases 
the  Vrake  consists  of  a  chain,  or  jointed  series  of  isoa  baxa^  lunally 
faced  with  wooden  blocks  on  the  side  next  the  drum.  Wha 
aion'tt  uyplied  to  the  ends  of  the  chun,  the  blocks  da^  tka 
and  produce  ftiotion;  when  that  tension  is  removed,  the  ^ * 
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dmwn  back  from  the  drum  by  springs  to  wbiob  thej  axe  sttadiecl, 
and  the  ftictiont 


The  following  finmrala  ate  exact  for  perftothr  flexible  eontimioinr 
bandfly  and  appvoximato  for  elastic  straps  sad  for  chains  ef  bloolok 
Their  demonstration  has  already  been  g^ven  in  Article  310-A,  p^ 

In  fig;  264^  tet  AB  be  the  dram,  and  C  its  axis,  and  kt  tiie 
direotioa  of  rotation  of  the  dram  be  indicated 
by  tile  anow;  Let  Tj  and  T«  roprosent  the 
tensions  a4  tlie  two  ends  of  the  stnm,  which 
embraces  the  rim  of  the  dram  throughout  Idm 
are  A  R  The  tensioii  Tj^  exceeds  the  tensioa 
T,  by  an  amomit  equal  to  the  fisietian  between 
the  stnsp  and  dram,  B;  that  is, 

R  =  T^  -  Ty 

I^et  e  denote  the  rsAio  which  the  no  of  contact^ 
A  B,  bean  to  the  cmmn^mwws  ef  the  dram ; 
fy  the  co-efficient  of  friction  between  the  str^ 
and  dram;  then  the  vatiD  T^  : T,  is  thenumber 
ivhae  common  logaarUbm  ia  2*7288 /c,  or  I|g.  264. 


±1  =  10f7S88/c  =  ^. (1.) 

^% 

which  number  having  been  found,  is  to  be  used  in  the  following 
formuln  for  finding  die  tensions,  T|,  T^,  required  in  order  to  pro- 
duce a  given  xasistance,  B:— » 

N 
Backward  or  greatest  tenron,  T^  =  B  •  ^j jj (2.) 


Forward  or  least  tension^ 


T.  =  B 


N-  r 


(3.) 


The  following  cases  occur  in  practice  :— 

I.  When  it  is  desired  to  produce  a  groai  reaiataneB  compared 
foUh  the  form  applied  to  the  bntkey  the  backward  end  of  the  brake, 
where  the  tension  is  T^,  is  to  be  fixed  to  the  framework  of  the 
machinery,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism;  when  the  force  to  be  a{^lied  by  means 
of  that  mechanism  will  be  T,,  which,  by  making  N  suffidently 
greats  may  be  made  small  as  compared  with  K 

IL  WhenitisdesiiedthatMe««n«tonM«Aatf«^iM^s&stereftais 
a  certain  given  Joreey  the  forward  end  of  the  brake  ia  to  be  fixed^ 
and  the  backward  end  puUed  with  a  force  not  exceeding  the  girea 
force.    This  will  be  T^^;  and,  as  the  equation  2  shows^  how  great 
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soever  N  may  be,  R  will  always  be  less  tbaii  T^.  This  is  the 
principle  of  the  brake  applied  by  Sir  William  Thomson  to 
apparatus  for  paying  out  submarine  tel^raph  cablea,  with  a  tIcvt 
to  limiting  the  resistance  within  the  amount  which  the  cable  caa 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  Ny  the  flexible  brake  may  be  coiled  spirally  round  the  drum, 
so  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

355.  Paaip-Bnikea.— •The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  narrow  orifice,  may  be  used  to  dispose  of  superflaons 
energy;  as  in  the  "cataract/'  or  ''dash-pot." 

The  energy  which  is  expended  in  forcing  a  given  weight  of  fluid 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  duo  to  the  greatest  velocity  which  its  particles  acquire  in 
that  process,  and  into  a  factor  greater  than  unity,  which  for  each 
kind  of  orifice  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  bears  to 
the  energy  expended  in  giving  velocity  to  the  fluid* 

The  following  are  some  of  the  values  of  that  fiictor,  which  will 
be  denoted  bjr.  1  +  F ; — 

For  an  orifice  in  a  thin  plate,  1  +  F  a  1-054. (1.) 

For  a  straight  uniform  pipe  of  the  length  /,  and  whose  hydraulic 
mean  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
o'oss-section^  is  m, 

1  +  F  «  1505  +^. (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  factor  /  in  the  last  formula  is  called  the  oo-efficierU  offridtxort 
of  the  fluid.  For  %Joaler  ia  iron  pipes,  the  diameter  d  being  ex* 
pressed  in  feet,  its  value,  according  to  Darcy,  is 

/=  0005(1+ A) (3.) 

For  air,  /=  0-006  nearly. (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
the  volume  of  fluid  dischai^ged  in  a  second  by  the  area  of  the  outlet 
at  its  most  contracted  part  When  the  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  thb 
calculation ;  but  when  it  is  an  orifice  in  a  thin  plate,  there  is  a 
contracted  vein  of  the  issuing  stream  after  passing  the  orifice,  whoe^* 
aiTA  is  on  an  average  about  0-62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employed  in  computing  the 
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Telocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
the  eo-^pxiad  of  eontraCtum, 

The  compntation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outleti  is 
expressed  symbolically  as  follows  : — 

liCt  Y  be  the  volume  of  fluid  forced  through^  in  units  of  volume 
per  second. 

D,  the  heaviness  of  the  fluid  (see  page  326). 

A,  the  area  of  the  orifice. 

e,  the  co-efficient  of  contraction. 

v^  the  velocity  of  outflow. 

R,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water. 

ti,  the  velocity  of  that  piston. 

Then 

^-71} <«•> 

and 

Ru-DV(l+F)^; (6.) 

the  factor  1  +  F  being  computed  by  means  of  the  formuln  1,  2,  3, 4. 
To  find  the  intensity  of  the  pressure  {p)  within  the  pump,  it  is 
to  be  obeervedi  as  in  Article  302,  that  if  A'  denotes  the  area  of  the 
piston. 

V  =  A'tt;  R  =p  A'; (7.) 

consequently, 

p  =  ?,-D(l  +  I^-^; (&) 

that  is,  the  xnieniiiy  of  the  preuure  it  thai  due  to  tite  weight  of  a 
vertical  column  of  tlie  fluid,  tohoee  height  ie  greater  than  that  due  to 
the  vdoeUy  qf  outflow  in  Hie  ratio  1  -f  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one4enth  may  in 
general  be  added  to  the  result  given  by  equation  6.   (8eo  page  399.) 

The  piston  and  pump  have  been  spoken  of  as  single ;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
uniform  speed,  its  velocity  varies ;  and  when  a  pump-brake  is  to 
be  applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a 
sufficiently  near  approximation  to  an  uniform  velocity  of  outflow, 
that  there  should  be  at  least  either  three  single  acting  pumps, 
driven  by  three  cranks  making  with  each  other  angles  of  120^,  or 
a  pair  of  double-acting  pumps,  driven  by  a  pair  of  cranks  at  right 
angles  to  each  other;  and  ^e  result  will  be  better  if  the  pumps 
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force  the  fluid  into  one  common  air  venel  befos^  it  aniyeB  st  tlio 
resisting  orifice. 

That  orifice  may  be  proTided  with  a  ndve,  by  means  of  whidi  its 
area  can  be  adjusted  so  as  to  cause  any  required  resutanoe: 

A  pnmp-brake  of  a  simple  kind  is  ftremplified  in  the  appaiatns 
Mlled  the  '^cotomeC,"  for  regolating  the  opening  of  the  sleiHn  valre 
in  single-acting  steam  engine&  It  is  fnlly  described  in  moat 
special  treatises  on  those  engines.* 

356.  F«B-BnkM— — A  fan,  or  "wheek  with  vane%  xevnlving  in 
water,  oil,  or  air,  may  be  used  to  dispose  <^  snrplns  eneigy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
ad|UBtabie  at  will,  by  making  the  ^anes  aoas  to  be  capable  of  being 
set  at  different  angles  with  their  direction  of  motion,  or  at  different 
distances  from  their  axis. 

Fan-brakes  are  applied  to  yarious  machines,  and  are  nsoaDy 
adjusted  so  as  to  produce  the  requisite  resistance  by  triaL  It  is, 
inaeedy  by  trial  only  that  a  final  and  exact  adjustment  can  be 
effected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  fim  to  its  purpose  by 
calciuation. 

The  following  formuln  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  Mkamg^m 
Inehuindle>^ 

For  a  thin  flat  vane^  whose  plane  traverses  its  axis  of  cotafcion,  let 

A  denote  the  area  of  the  vane ; 

I,  the  distance  of  its  eentre  of  area  firom  the  axis  of  rotation; 

s^  the  distance  from  the  centre  of  area  of  the  entire  vane  to 
the  centre  of  area  of  that  half  of  it  which  lies  nearest  fte  axis  of 
rotation; 

«,  the  velocity  of  the  centre  of  area  of  the  vane  ( »  a  ^  if  a  is 
the  angular  velocity  of  rotation); 

D,  ttie  heaviness  of  llie  fluid  in  which  it  moves; 

B  f,  the  inoineBt  of  i esistsnsr ; 

ib,  a  coefficient  whose  vaine  is  given  by  the  formala 

k  =  1-254  +  1-62U|^^; ay 

tiien 

B/  =  /*DA-^. (i) 

When  the  vane  is  <AGque  to  its  diieetion  cf  motion,  let  % 


m  rapUed  to  nSkwaj  emrngpt  by  Ur 
whiaiaet< 


<B  th0  HBB  pmsipHb  have 
te  ailwv  «Mrii^pB  ly  Galond  Onk,  B.A. 
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the  acute  angle  wUch  its  svr&ce  makes  yirxQi  tint  disectum;  tiMU 
the  result  of  equation  2  is  to  be  multiplied  by 

2'^'*'* (3.) 


1  +  sin*  % 


It  appeals  that  the  resistance  of  a  fim  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apart  are  not  less  at  any  point  than  their  lengtha  Beyond 
that  limit  the  law  is  uncertain. 


BBcmoH  TL-^f  Fly-WkmU. 

357.  iNHiHii  VtoetMrttoM  mi  •pMd  in  a  machine  (A.  M.,  689) 
are  caused  by  the  alternate  excess  and  deficiency  of  the  enen^ggr 
exerted  above  the  woik  performed  in  overcoming  resisting  forces, 
which  produce  an  alternate  increase  and  diminution  of  actual 
eneigy,  according  to  the  law  explained  in  Artide  390,  page  373. 

To  determine  the  .greatest  fluctuation  of  £|ieed  in  a  machine 
moving  periodically,  take  A  B  C,  in  fig.  255, 
to  represent  the  motion  of  the  driving  point 
during  one  period;  let  the  efibrtP  of  the  prime    ' 
mover  at  eaoih  instaat  be  represented  by  the 
ordinate  of  the  carve  D  G  £  1  F;  and  let  the 
sum  of  the  resistances,  reduced  to  the  driving  ~ 
point  as  in  Article  305,  at  each  instant,  be  Tig.  255. 

denoted  by  R,  and  represented  by  the  ordinaie 
of  the  curve  D  H  £  K  F,  which  outs  the  former  curve  at  the 
ordinates  A  D,  B  £,  G  F.     Then  the  integral. 


/(P-R)(/*. 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  eneigy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC,  this  integral  is  "nothing.  For  A  B,  it  denotes 
an  exosff  qftmergy  received,  represented  by  uie  area  D  G  £  H ;  and 
for  B  C,  an  equal  exceee  ofuxnk  perforrMd^  represented  by  the  equal 
area  £  K  F  I.  Let  those  equal  quantities  be  each  represented  by 
A  K  Then  the  actual  energy  of  the  machine  attains  a  maximum 
value  at  B,  and  a  mininnnn  valve  at  A  and  G,  and  a  £  Ib  the 
difference  of  those  valneei 

Now  let  Vq  be  the  mean  velocity,  v,  the  greatest  velocity,  v^  the 
least  velocity  of  the  driving  point,  ana  2  *  ir  W  the  reducti  inmiia 
of  the  machine  (see  Article  315,  page  362);  then 

!i^Sn«W=  AE; (1.) 
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wbich^  being  divided  hj  the  mean  adual  energffg 

gives 

vi-  vi      aE 


(2.) 


(3.) 


and  observing  that  Vq  =  {v^  +  Vj)  -f-  2^  ve  find 

p^  -  v^  _  ^'  B  _      y  aE 

vo      "  TEo"  fi^n^W' 

a  ratio  which  may  be  called  the  eo-^icient  o/Jluciuaiion  qffpeed 
or  of  unsteadiness. 

The  ratio  of  the  periodical  excess  and  deficiency  of  eneigj  a  E 

to  the  whole  energy  exerted  in  one  period  or  revolation,  jFdSf 
bas  been  determined  by  General  Morin  for  steam  engines  under 
various  circumstanoeSy  and  found  to  be  from  fTk  to  ^  ^o^  ungle- 

cylinder  engines.  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  vvilue  of  this  ratio 
is  about  one-fourth,  and  for  three  engines  with  cranks  at  12(r, 
one-twelfbh  of  its  value  for  single-cylinder  engines. 

The  following  table  of  the  ratio,  a  E  •»-  /  P  if  «,  for  one  rewJuHcn 

of  steam  engines  of  difierent  kinds  is  extracted  and  condensed  from 
General  Morin's  works:— 

NoK-ExPAKsrvB  ENGnrEB. 

Length  of  connecting  rod  ft  I5  c 

Length  of  crank  ^ 

AE-rTPc/f  «         -105        -ixS        *12$        •i3t 

Expansive  CoHDENsma  Evgikbs. 

Connecting  rod  =  crank  x  g. 

Fraction    of  stroke   at>£2-iii.  L 

which  steam  is  cut  off,  j*        3  4         5  6  7  8 

AE^fprft        =    .163      173     •178     -184     -189     -191 


4 
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Steam  cut  off  at  ~  —  -  — 

a  3  4  o 

A  E  •;-  IF  dass  'i6o  'i86  ^aop  '232 

For  double-cylinder  expansive  engines,  the  value  of  the  ratio 
A  E  -s-  jF  d»  may  be  taken  as  equal  to  that  for  single-blinder 

non-expansive  enginea 

For  tools  working  al  inUrvals^  such  as  punching,  slotting,  and 
plate-cutting  machines,  coining  presses,  dec,  A  E  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

358.  vij-wheeb.  (A.  M.,  690.) — A  fly-wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine^  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount^  being  about  ^  for 

ordinaxy  machinery,  and  Fr^or  ^  for  machinery  for  fine  purposes. 

Let  *  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 

speed,  and  ^  E^  as  before,  the  fluctuation  of  energy.     If  this  is  to 

he  provided  for  by  the  moment  of  inertia,  I,  of  the  fly-wheel  alone, 

let  Oq  be  its  mean  angular  velocity;  then  equation  3  of  Article 

357  is  equivalent  to  the  following : — 


1==^; (2.) 

the  second  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly-wheeL 

The  fluctuation  of  eneigy  may  arise  either  from  variations  in  the 
effoi-t  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
ance, or  from  both  uiose  causes  combined.  When  but  one  fly- 
wheel is  used,  it  should  be  placed  in  as  direct  connection  as 
possible  with  that  part  of  the  mechanism  where  the  greatest 
amount  of  the  fluctuation  originates;  but  when  it  originates  at 
two  or  more  points,  it  is  best  to  have  a  fly-wheel  in  connection 
with  each  of  those  pointa 

For  example,  let  there  be  a  steam  engine  which  drives  a  shaCb 
that  traverses  a  workshop,  having  at  intervals  upon  it  puUeys  for 
driving  various  maehine-toolsL    The  steam  engine  should  have  a 
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fly-vheel  of  its  own,  as  near  as  pnicticable  to  its  cnrnk,  adapted  to 
that  valne  of  A  £  which  is  due  to  the  flactuatioiis  of  the  effi>rt 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  tSiat 
effort,  and  which  may  be  computed  by  the  aid  of  General  Morin*a 
tables,  quoted  in  Article  357;  and  each  machine-tool  should  also 
have  a  fly-wheel,  adapted  to  a  value  of  A  E  equal  to  the  whole 
work  jMBrformed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly-wheel  is  usually  heavy  in  comparison  with 
the  tamu,  it  is  often  sufficiently  aocmsate  for  praodcal  purpoaea  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  Its  outside  «nd 
inside  radii — ^a  odculation  which  may  be  ezproBsed  lihus.: — 

T  ^  Wr2  •  ^  

whenoe  the  weight  of  the  rim  is  gi^en  by  ihe  fbrmula — 


(4) 


if  t/  be  the  velocity  of  the  xim  of  the  fly-wheeL 

In  millwork  the  ordinary  values  of  the  product  m^,  the  unit 
of  time  being  the  second,  lie  between  1,000  and  2,000  leet^  or 
approximately  between  300  and  600  mdtiea  In  piim|nng- 
machinery  it  is  sometimes  only  about  300  feet,  or  90  m^trea. 

The  rim  of  the  fly-wheel  of  a  &ctory  steam  engine  is  veiy  often 
provided  with  teeth,  or  with  a  belt,  in  order  that  it  maj  directly 
drive  the  machinery  of  the  &ctory. 

Section  111.^0/ Governors. 

Sd9.  The  BcgaiatMr  of  a  prime  mover  is  some  piece  of  appaxatoa 
by  which  the  rate  at  which  it  reooivee  energy  from  the  sooroe  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjusta 
the  size  of  the  orifice  for  supplying  water  to  a  water-wheel,  the 
apparatus  for  varying  the  surface  exposed  to  the  wind  by 


dls,  the  throttle-valve  which  adjuBts  the  opening  of  the  ntfini  pipe 
of  a  steam  engine,  the  damper  which  oontools  the  supply  «f  air  to 
its  furnace,  and  the  expansion  gear  which  ngnktes  lAw  ^idiuae  of 
Btesm  admitted  into  the  cylinder  at  each  stroke  of  the  fisfcon. 

In  pime  movers  whose  speed  and  power  have  to  he  frequently 
vnd  mpidly  Taried  at  'will,  such  as  leoomotiTeB  and  inndii^ 
engines  for  mines,  the  regulator  is  adjusted  iiy  hand.  In  other 
cases  the  regulator  is  adjusted  by  means  of  a  eelf«cting  iniiti  iiiarmt 
driven  by  the  prime  mover  to  be  v^gulated,  and  called  a  -GovaBKOB. 
The  special  construction  of  the  different  kinds  of  ngaktofs  la  a 
atibyeet  ibr  a  trsatiae  on  prime  movera     In  the  pnaeut  iiaatiutj  it 
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is  sidBoieiit  to  state  that  in  eveiy  governor  there  is  a  moving  piece 
vhich  aetB  csn  the  regnhttor  thxmigh  a  saitable  train  flf  medumism, 
and  which  is  itself  made  to  move  in  one  direction  or  in  another 
aooording  as  the  prime  mover  is  moving  too  fast  or  too  alow. 

The  object  of  a  governor,  properly  so  called,  is  to  pseeerve  a 
certain  nniform  speed,  either  exaMy  or  approximately;  and  such 
is  always  the  case  in  millwork.  There  are  other  cases,  as  in 
marine  steam  engines,  whero  it  may  be  considered  sufficient  to 
prevent  sodden  variations  of  speed,  without  preserving  an  uniform 
speed ;  and  in  those  cases  an  apparatus  may  be  used  possessing 
only  in  part  the  properties  of  a  governor :  this  may  be  called  a 
fif^-ffovmncr,  to  distinguish  it  from  a  governor  profec 

Govemoss  proper  may  be  distinguished  into  poMon-gomrnony 
dimngagemenl-govertwraj  and  differenUal^ovenwra :  a  position-gov- 
ernor being  one  in  which  the  moving  piece  that  acts  on  the  rega^ 
lator  assumes  positions  depending  on  the  speed  of  motion,  as  in 
the  common  steam  engine  sovemor,  which  consists  of  a  pair  of 
revolvinff  pendulums  acting  directly  on  a  train  of  mechanism  which 
adjusts  we  throttle- valve:  a  disengaging-govemor  being  one  which, 
when  the  speed  deviates  above  or  below  its  proper  value,  throws 
the  regulator  into  gear  with  one  or  other  of  two  trains  of 
mechanism  which  move  it  in  contrary  directions  so  as  to  diminish 
or  increase  the  speed,  as  the  case  may  require,  as  in  water-mill 
governors ;  and  a  difTerential-govemor  being  one  which,  by  means 
of  an  aggregate  combination,  moves  the  r^guktor  in  one  direction 
or  in  another  with  a  speed  proportional  to  the  difference  between 
the  actual  speed  and  the  proper  speed  of  the  engine. 

In  almost  all  governors  tne  action  depends  on  the  centrifugal 
fone  exerted  by  two  or  more  masses  wbidi  revolve  round  an  axis. 
9y  another  daasifioBtion,  diffiaient  from  that  which  has  already 
been  described,  governors  may  be  distinguished  into  gravity^ 
ffoimmon,  in  whkm  gravity  is  the  force  that  opposes  ihe  ca^rifiigal 
fone ;  and  babmoBd  ffommor»,  in  which  the  actions  of  gravity  on 
the  various  moving  parts  of  the  governor  are  mutually  balanoedy 
and  the  oentriiugal  force  is  opposed  by  the  elasticity  of  a  flpring. 

Oovernors  may  be  further  distinguidied  into  those  which  azo 
truly  isochnmous — that  is  to  say,  which  remain  without  action  on 
the  regulator  at  one  speed  only;  and  those  which  are  nearly 
irechronous — ^that  is  to  si^,  which  admit  of  some  variation  of  the 
psrnianent  or  steady  speed  when  the  xesistanee  overcome  by  the 
engine  varies;  and  lastly,  governors  may  be  distinguished  into 
those  which  are  specially  adapted  to  one  speed,  and  those  which 
can  be  adjusted  at  will  to  different  speeds. 

^  360.  PwiJrtBM  cisiwwfc — ^A  pendulum-governor  is  thesimplest 
kind  of  gmvity-govemer.  It  has  a  vertical  spindle,  driven  by  the 
engine  to  be  regulated;  and  from  that  qundle  there  haii|^  at 
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opposite  sides,  a  pair  of  revolving  pendulums,  which,  by  the  poaiiioiu 
tbut  they  assume  at  different  speeds,  act  ou  the  regulator. 

The  rektion  between  the  height  of  a  simple  revolving  peadulam 
and  the  number  of  turns  which  it  makes  per  second  has  already 
been  stated  in  Article  319;  but  for  the  sake  of  oonvenienoe  it 
may  here  be  repeated : — Let  h  denote  the  height  or  aUitude  oi  the 
pendulum  (=  O  H  in  fig.  256),  and  T  the  number  of  tarns  per 
second;  then 

g         -815  foot     978  inches     0248  m^tte 
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If  the  rods  of  the  revolving  pendulums  are  jointed,  aa  in  6^. 
257,  not  to  a  point  in  the  vertical  axis,  but  to  a  pair  of  pointy 
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Fig.  257 


such  as  C,  e,  in  arms  projecting  from  that  axis,  the  height  is  to  be 
measured  to  the  point  O,  where  the  lines  of  tension  of  tibe  rods  cut 
the  axis. 

In  most  cases  which  occur  in  practice,  the  balls  are  so  heavy,  as 
compared  with  the  rods,  that  the  height  may  be  measured  without 
sensible  error  from  the  level  of  the  centres  of  the  balls  to  the  point 
O,  where  the  lines  of  suspension  cut  the  axis.  This  amounts  to 
neglecting  the  effects  both  of  the  weight  and  of  the  centrifugal 
force  of  the  roda  These  effects  may,  if  required,  be  taken  into 
account  approximately,  as  follows : — Let  B  be  the  weight,  and  b  the 
radius,  of  a  ball ;  let  R  be  the  weight  of  a  rod,  and  r  the  length 
from  O  to  the  centre  of  B ;  let  A  be  the  height  from  the  centre  of 
B  to  O,  and  A'  the  corrected  height;  then 

and  the  number  of  revolutions  per  second  will  correspond  nearly 
to  this  corrected  height 
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The  ordinary  steam  engine  governor  invented  by  Watt,  which 
is  represented  in  fig.  25G,  is  a  position-governor,  and  acts  on  the 
regulator  by  means  of  the  variation  of  its  altitude,  through  a  train 
of  levers  and  linkwork.  That  train  may  be  very  much  varied  in 
detaiL  In  the  example  shown  in  the  figure,  the  lever  O  C  forms 
one  piece  with  the  ball-rod  O  B,  and  the  lever  O  c  with  the  ball* 
rod  Ob;  00  that  when  the  speed  falls  too  low,  the  balls  B,  6,  by 
approaching  the  spindle,  cause  the  point  E  to  rise ;  and  when  the 
si)eed  rises  too  high,  the  balls,  by  receding  from  the  spindle,  cause 
the  point  E  to  fisilL  At  the  point  E  there  is  a  collar,  held  in  the 
forked  end  of  the  lever  E  F,  which  communicates  motion  to  the 
regulator. 

The  ordinary  pendulum-governor  is  not  truly  isochronous;  for 
when,  in  order  to  adapt  the  opening  of  the  regulator  to  dififerent 
loads,  it  rotates  with  its  revolving  pendulums  at  different  angles 
to  the  vertical  azis^  the  altitude  h  assumes  different  values,  corre- 
sponding to  different  speed& 

As  in  Article  3o7,  let  the  utmost  extent  of  fluctuation  of  the 
speed  of  the  engine  between  its  highest  and  lowest  limits  be  the 

fraction  —  of  the  mean  speed;  let  h  be  the  altitude  of  the  governor 

corresponding  to  the  mean  speed;  and  let  k  be  the  utmost  extent 
of  variation  of  the  altitude  between  its  smaller  limit,  when  the 
regulator  is  shut,  and  its  greater  limit,  when  the  regulator  is  full 
open.     Then  we  have  the  following  proportion : — 

and  consequently 


k     2 
A     m 


(3.) 


361.  Is9m4md  Pca4alaaHG*TenMr.— From  the  balls  of  the  com- 
mon governor,  whose  collective  weight  is  (say)  A,  let  there  be, 
hung  by  a  pair  of  links  of  lengths  equal  to  the  ball-rods,  a  load 
B,  capable  of  sliding  up  and  down  the  spindle,  and  having  its 
centre  of  gravity  in  the  axis  of  rotation.  Then  the  centrifugal 
force  is  that  due  to  A  alone;  and  the  effect  of  gravity  is  that  due 
to  A  +  2  B;  for  when  the  ball-rods  shift  their  position,  the  load 
B  moves  through  twice  the  vertical  distance  that  the  balls  move 
through,  and  is  therefore  equivalent  to  a  double  load,  2  B,  acting 
directly  on  the  balls.  Consequently  the  altitude  for  a  given  speed 
is  greater  than  that  of  a  simple  revolving  pendulum,  in  the  ratio 

2  B 

1  +  -^i  a  given  abaohUe  variation  of  altitude  in  moving  the 

regulator  produces  a  proportionate  variation  of  speed  smaller  than 
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m  tii0  oommoii  govemoiv  ia  the  xatio  r- a^>  <^^ ^^  0^^ 

is  aedd  to  be  man  ammtwe  tban  a  oommoii  goTemor,  in  the  nrtio  of 
A  :  A  -f  2  R     Sach  is  the  constraction  of  Portet^s  goveruar. 

The  finks  by  which  the  load  B  is  bang  may  be  attadied,  not 
to  the  balls  themselves,  but  to  any  conTenient  pair  of  pointa  in 
the  ball-iods;  the  links,  and  the  parts  of  the  ball-rods  to  wliicii 
they  are  jointed,  always  forming  a  rhombus,  or  equilateral  paiv 
alMogram.  Let  q  be  the  ratio  borne  by  eadi  of  the  sides  of  thsit 
rhombus  to- the  length  on  the  ball-rods  from  the  oentrs  of  a  ball 
to  the  point  idlere  the  line  of  suspension  cuts  the  aaus ;  then  in 
the  preoeding  expressions  2  gr  B  is  to  be  substituted  for  2  B. 

In  the  one  case  2B,  and  in  the  other  2grB,  is  the  wei^t, 
applied  directly  at  A,  which  would  be  BkUioaUy  equmndmi  to  the 
load  B,  appfied  where  it  is. 
362.  FM»a«iie  gwKBiM  a»ii.i«w    In  fig.  208,  let  B  X  be 

the  axis  of  the  spindle^  and  E  the  centre  of  one 
of  the  balls,  which,  as  it  moves  towards  or 
from  the  spindle,  is  guided  so  as  to  describe  a 

Eirabolic  arc,  KE,  with  the  vertex  at  El 
et  E  F  be  a  normal  to  the  parabola,  cutting 
theaxisinFc     The  vertical  height  of  F  aboie 
£  is  constant^  being  equal  to  twice  the  §ocil 
distance  of  the  parabola;  hence  this  govetuut' 
is  absolutely  is(x:hn>nous.    That  is  to  say,  tlie 
balls  cannot  remain  steady  in  any  position 
except  at  one  particuhir  speed  of  rotation; 
"^  being  that  corresponding  to  an  altitude  equal 
to  twice  the  focal  distance  of  the  parabola; 
and  any  deviation  of  the  speed  above  or  below 
that  value  causes  the  balls  to  move  continuously  outwards  and 
upwards,  or  inwards  and  downwards,  as  the  case  may  be,  until  their 
action  on  the  regulator  restores  the  proper  speed.     The  force  with 
which  the  balls  tend  to  shift  their  position  vtrticaUyy  when  a  de- 
viation of  speed  occurs^  is  expressed  very  nearly  by  ;  in 

which  A  is  the  collective  weight  of  the  balls,  n  the  proper  number 
of  revolutions  in  a  given  time,  and  A  n  the  deviation  from  that 

number.     The  balls  may  be  guided  in  various  ways,  via: 

I.  By  hanging  each  of  them  by  means  of  a  flexible  spiing  ftfm 
a  cheek,  L  H,  of  the  form  of  the  evolute  of  the  parabola.  To  find 
a  series  of  points  in  the  parabola  and  its  evolute,  let  A  be  the 
altitude;  then  from  the  vertex  K  lay  off  K  A  =  K  B  =  lA-  A 
will  be  the  focus, and  the  horizontal  line  B  Ythe  directrix  I^w 
ACpawUel  to  an  intended  position  of  the  ball-rod;  bisect  it  inD* 


4U 

drair  BB  perpradkokr  to  AC,  and  C  £  psnlld  ta  BX;.  tha 
intwtiBtt  E  wfll  U  ft  point  in  tiw-  pontbola,  SDd  B  Bra  tnqgeiitL 
Then  parallel  to  C  A,  draw  E  F;  this  will  be  a  normal,  and  a  posi- 
tion of  the  ball-rod.  From  F,  parallel  to  D  £,  draw  F  G,  eatting 
O  £  produoed  in  G;  and  from  G,  parallel  to  B  T,  draw  G,  catting 
E  F  produced  in  H;  this  will  be  a  point  in  the  evolute.  To  ex- 
press  this  algebraically,  let  B  C  =  y  and  OE^z  be  the  co-ordinates 
of  the  parabola;  andletBM  =  Ji^andMHB-5^be  those  of  its 
eyoluta    Then  we  have 

IL  Another  method  of  gaiding  the  balls  is  to  support  them  by 
means  of  a  pair  of  properly  curved  arms,  on  which  they  slide  or  roll. 
On  the  top  of  the  balk  there  rests  a  horiaontal  plate  or  bar,  which 
communicates  their  vertical  movements  to  the  rMrnlator. 

IIL  Approximaie  Parabolic  GavrnTum—In  Faicot's  governor, 
the  rod  £  H,  in  its  middle  position,  is  hung  frmn  a  joint,  H,  at  the 
end  of  an  arm,  M  H;  this  gives  approximate  isodironism.  The 
co-ordinates  of  the  point  H  are  found  by  the  rules  already  given. 

362a.  iiMfca  PMsWito  ouwmmm^ — When  the  balls  of  a  para- 
bolio  gpovemor  are  guided  in  the  second  manner  described  in  the 
preceding  article^  and  support  above  them  a  plate  or  bar,  to  which 
their  vertical  movements  ara  communicated,  an  additional  load 
may  be  applied  to  them  by  means  of  that  platei  Let  A  be  the 
collective  weight  of  the  btuls;  B,  the  additional  load;  then  the 
altitude  corresponding  to  a  given  speed  is  greater  than  in  the 
unloaded  governor,  in  the  ratio  of  A  ^  B  :  A ;  and  the  speed 
corresponding  to  a  given  altitude  is   greater,  in  the  ratio  of 

,y  (A  -f  B)  :  »fA;  and  by  varying  the  load,  the  speed  of  the 
governor  may  be  varied  at  wilL 

363.  iMchMBMis  cirantr«vrenMr  (Eonkifi/^s). — ^In  this  form 
of  governor  (see  fis.  209)  the  four  centrifug^  balls  marked  B  are 
balanced,  as  r^garas  gravify^  about  the  joint  A,  on  the  spindle 
AM.  D,  D  are  slidm  on  the  ball-rods;  D  C,  D  C,  levers  jointed 
to  the  sliders,  and  centred  on  a  point  in  the  spindle  at  0,  and  of 
a  length  DCr=CA;GG,  a  loaded  circular  platform  hung  fix>m 
the  levers  0  D,  C  D,  by  links  £  F,  E  F;  H,  an  easy-fitting  collar, 
jointed  to  the  steelyard  lever  H  K,  whose  fulcrum  is  at  K;  L,  a 
weight  adjustable  on  this  lever.  This  governor  is  truly  isoch- 
ronous; the  altitude  A  of  a  revolving  pendulum  of  equal  speed  is 
given  by  the  equation 

.      B^AJ^ 

^'"2DCD^ 

in  which  B  is  the  collective  weight  of  the  osntrifugyd  masses^  and 
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D  the  load^  suspended  directly  at  D,  to  which  the  actual  load  ia 
statically  equivalent.    The  load  D,  and  consequently  the  altiftade 


•\ 


r■^ 


Fig.  209. 

and  the  speed,  can  be  varied  at  will,  by  shifting  the  weight  Xj  ; 
which  can  be  done  either  by  hand  or  by  the  engine  itself.  The 
regulator  may  be  acted  on  by  the  other  end  of  the  lever  H  K^ 
The  levers  C  D,  C  D  should  be  horizontal  when  in  their  middle 
*^^tion;  and  then  the  ball-rods  will  slope  at  angles  of  i5\     Two 
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])08itioDS  of  the  parts  of  the  governor  when  the  rods  deviate  from 
their  middle  position,  are  shown  by  dotted  lines  and  accented 
lettera  If  convenient^  the  links  £  F,  E  F  may  be  hung  directly 
from  the  slides  D,  D. 

The  theory  of  this  governor  is  illustrated  by  fig.  260.  la 
any  position  of  the  parts,  let  A  C  be  the  axis  of  rotation; 
A  B^  a  ball-rod  carrying  a  ball  at  B ;  C,  the  point  at  which  the 
lever  C  D  =  C  A  is  jointed  to  the  spindle;  D,  the  central  point 
of  the  slider  at  the  end  of  that  lever.  About  C  draw  the  drole 
A  D  Q,  cutting  the  axis  of  rotation  in  Q;  join  D  Q;  and  draw 
D  K  and  B  P  perpendicular  to  A  Q. 

Then  when  the  position  of  the  parts  varies,  and  the  speed  is 
constant,  the  moment  of  the  centrifugal  force  of  the  balls  reUitively 
to  A  varies  proportionally  to  B  P  *  P  A,  and  therefore  propor- 
tionally to  the  area  of  the  right-angled  triangle  A  P  B ;  and  the 
moment  relatively  to  A  of  the  load  which  acts  on  the  point  D 
varies  proportionally  to  D  B,  and  therefore  to  the  area  of  the 
right-angled  triangle  A  D  Q ;  but  the  areas  of  the  triangles  A  B  P 
and  A  I>  Q  bear  a  constant  ratio  to  each  other — ^viz.,  that  of 
A  B^  to  A  Q*;  therefore  the  moment  of  the  centrifugal  force  at  a 
constant  speed,  and  the  moment  of  load,  bear  a  constant  ratio  to 
each  other  in  all  positions  of  the  parts  of  the  governor ;  and  if 
they  are  equal  in  one  position,  they  are  equal  in  every  position ; 
and  if  unequal  in  one  position,  they  are  unequal  in  every  position. 
Therefore  the  governor  is  truly  isochronoua 

To  express  algebraically  the  relations  between  the  dimensions^ 
the  revolving  nuss,  the  load,  and  the  speed;  let  B  be  the  collee- 
live  weight  df  the  four  balls;  D,  the  total  load  which  is  actually 
or  virtually  applied  at  the  points  D,  D;  let  the  length  of  each 
ball-rod  A  B  =  6;  and  let  the  length  of  each  of  the  leven  G  D  »  a 
In  any  position  of  the  governor,  let  the  angle  Q  A  B  «  #.  Then, 
because  A  G  D  is  an  isosceles  triangle,  we  have  the  angle  Q  0  D 
:=  20.  It  is  also  evident  that  BPs68in#;AP»(oos#; 
DR  =  tf*8in2#s=2o-ooelsinl. 

Let  fi,  as  before,  be  the  number  of  revolutions  per  second. 
Then  the  centrifugal  moment  of  the  balls  relatively  to  A  is 

B-l^'.BP-PA^^^^y^ 
g  h 

and  the  statical  moment  of  the  load  relatively  to  A  is 

2D-DB»4Dc-eo8#sin#; 

which  two  moments,  being  equated  to  each  otheri  and  common 
£Eu^rs  struck  out^  give  the  following  equation  :^ 

-j-  =  4  Dc; 
2e 
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«nd  therefore 

,       B6«       B    AB« 

4Dc"4D  -AC' 
«B  has  already  been  stated  * 

364.  WlutMmmOmM  mf  iMckvsBMW  q«ywMiwb — ^When  a  tmljT 
iBodnonoas  governor  is  rapid  in  its  action  on  the  r^fohttor,  and 
meets  with  Utile  resistance  fix>m  friction,  it  maj  aometunes  happea 
tliat  the  momentum  of  the  moving  parts  carries  them  beyond  tibe 
positicm  suited  for  producing  the  proper  speed ;  so  that  a  deviation 
from  the  proper  speed  takes  place  in  the  contniy  directioa  to  tho 
previous  deriation,  followed  by  a  change,  in  the  tontiary  direction, 
m  the  position  of  the  governor^  which  again  is  carried  too  fiur  by 
momentum;  and  so  on;  the  result  being  a  series  of  periodiod 
fluctuations  in  the  speed  of  the  engine.  When  this  is  found  to 
occur,  it  may  be  prevented  by  the  use  of  a  piston  working  in  an 
oil-cylinder  or  dash-pot;  which  will  take  away  the  momentum 
^f  the  moving  parts,  and  cause  the  regulating  action  oi  the  governor 
^  take  place  more  slowly,  without  impairing  its  accuracy. 

365.  BafauMcd,  mr  8vriB«  amwwmmem,  (SUver^ay  Weir's^  Htrnts, 
Sir  W.  ThanuofCe,  Ac) — In  this  dass  of  governor^  often  called 
Memine  OovemorSf  as  being  specially  suited  for  use  on  board  ship, 
•the  action  of  gravity  on  the  balls  is  either  self-balanced,  or  made,  bf 
mtpid  rotation,  so  small  compared  with  the  centrifugal  force  as  to 
be  unimportant.  The  centnfngal  force  is  opposed  by  springs.  To 
make  such  a  governor  isochronous,  the  springs  ought  to  be  so 
4mranged  as  to  make  the  elastic  force  exerted  by  them  vary  in  the 
4nmple  ratio  of  the  distance  from  the  centres  of  the  balls  to  the  axia 

In  order  that  the  action  of  gravity  on  ike  balls  may  be  self- 
iMtlanced,  if  there  are  two  balls  only,  they  must  move  in  oppento 
<lirections,  in  a  plane  perpendicular  to  the  axis  of  rotation :  ^dhidi 
axis  may  have  any  position,  but  is  usually  hoiuontaL  They  might 
be  guided  by  sliding  on  rods  perpendicular  to  the  spindle;  but 
they  are  more  frequently  guided  by  combinations  of  linkwo^  dif- 
feient  forms  of  which  are  exemplified  in  Weirds  governor  and  in 
Hunt's  governor.  If  there  are  four  balls,  they  aae  carried  by  a  pair 
of  arms  like  the  letter  X,  as  in  fig.  259  (but  with  the  spindle 
usually  horizontal  instead  of  vertical),  and  such  is  the  arrangement 
in  Silver's  Marine  Governor.  The  springs  in  balanced  governors 
are  seldom  fitted  up  with  a  view  to  perfect  isochronism;  but  for 
marine  engines  this  is  unimportant,  as  the  principal  object  of 
applying  governors  to  them  is  to  prevent  changes  of  speed  so  great 

*  It  hai  been  pointed  out  by  Mr.  EdmnDd  Hnnt  thit  this  form  of  governor 
^^7  a  narabolio  governor;  for  the  common  centre  of  gravity  of  Uie 
A  of  the  load  moves  in  a  parabola,  of  a  focal  distance  equal  to  half 
de  given  by  the  formula. 
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and  tndden  as  to  be  dangerona;  bdcIi  u  tfaooe  which  tend  to  occur 
when  the  Bcrew-propeller  of  a  vessel  pitching  id  a  haarj  sea  ia 
alternatelj  lifted  ont  of  and  plnnged  into  the  water. 

Bolee  showing  the  relation  between  the  defieetioD  oF  a  itnught 
■pring,  or  the  extension  of  a  spral  spring,  and  tha  elastie  fores 
exerted  b^  the  spring,  have  already  been  given  in  Artide  34S,  pags 
S86,  and  Article  345;  page  389. 

968.  ithiiafiiMi ■!  n«iiww — The  most  complete  example  of 
a  diseagi^ement-gDvenior  is  that  commonlj  naed  for  wmtet^wheel^ 
and  aometimes  also  for  ^ 

the  steam  engine.  1 
pecoliar  parts  of  this  ' 
governor  are  represent- 
ed in  %  261.  A  A  is 
part  of  the  mnndle  of  a 
pair  <^  revolving  pen- 
dnloms  nmilar  to  those 
inanordinatygovemor; 
B,  a  cylindrical  slider, 
hunff  from  the  ball-roda 
by  Unka  whose  lower 
ends  are  shown  at  C,  C. 
D  is  a  tooth  or  cam 
projecting  from  the 
slider,  and  sweeping 
Totmd  as  the  ipindle  and 
pendnlnms  rotate.  To  make  the  slider  rotate  truly  with  the  spindle^ 
the  part  of  the  sjnndle  on  which  it  slides  may  either  be  made 
sqnare,  or  may  have  a  projecting  longitudinal  feather  fitting  easily 
a  groove  in  the  inside  of  the  slider. 

B  is  one  end  of  a  lever  capable  of  turning  aboat  a  vertical  axis 
(not  shown),  and  provided  with  a  fork  of  fonr  prongs,  F,  V,  G,  H. 
The  prongs  F,  F  are  just  far  enough  apart  to  clear  the  tooth  I>, 
as  it  sweeps  ronnd,  when  the  spindle  is  taming  at  its  proper  speed, 
and  the  ball-iods  and  slider  in  their  middle  position ;  and  the  lever 
E  is  thai  in  its  middle  position  also.  The  prong  G  is  below,  and 
the  prong  H  above,  the  level  of  the  prongs  F,  F;  and  when  the 
lever  is  in  its  middle  position,  the  clear  distance  of  O  and  H  from 
the  cylindrical  surface  of  the  slider  B  is  one-half  of  the  distance  of 
F,  F  from  that  surface.  When  tiie  spindle  b^na  to  fidl  below  its 
proper  speed,  the  slider  moves  downwards  nntil  the  tooth  D  atrikei 
the  prong  G,  and  drives  the  lever  B  to  one  side.  Should  tba 
sfHodle  b^n  to  torn  futor  than  the  proper  speed,  the  slider  risea 
until  ibo  tooth  D  strikes  the  prong  H,  and  drives  tiie  lever  B  to 
the  contrary  side.  The  lever  B  acta  throng  any  convenient  tnin 
of  mechanjam  npon  the  dutch  of  a  act  of  teverang^ear,  like  the 
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combination  shown  in  fig.  214,  Article  263,  page  299.  The  driving- 
shaft  of  that  combination  is  continually  driven  bj  the  engioe. 
When  the  lever  E  is  in  its  middle  position,  the  following  shaft  is 
disengaged  from  the  driving-shaft,  and  remains  at  rest.  Whea 
the  lever  E  is  shifted  to  one  side  or  to  the  other,  the  reveraing-gear 
drives  that  following  shaft  in  one  direction  or  in  the  other;  and  its 
motion,  being  transmitted  by  a  suitable  train  to  the  r^nlat^^r, 
corrects  the  deviation  of  speed.  So  soon  as  the  spindle  resumes 
its  proper  speed,  the  tooth  D,  by  striking  one  or  other  of  the  prons^ 
F,  F,  replaces  the  lever  E  in  its  middle  position,  and  diaengagei 
the  regulating  train. 

367.  In  DiflTertiittiBl  awwwmmn  the  regulation  of  the  prime 
mover  is  effected  by  means  of  the  difference  between  the  Tcdocitj 
of  a  wheel  driven  by  it  and  that  of  a  wheel  r^ulated  by  a  revolving 
peudulumu    This  ^ss  of  governors  is  exemplified  by  fig.   2o2, 

representing  Siemens's  differenti^il 
governor   as   applied    to    prime 
movers.     A  is  a  vertical    dea^^ 
centre   or  fixed    spindle     about 
which  the  after-mentioned  pieces 
turn;  C  is  a  pulley  driven  Ly 
the  prime  mover,  and  fixed  to  'a 
bevel-wheel,  which  is  seen  below 
it ;  E  is  a  bevel- wheel  similar  to 
the  first,  and  having  the   same 
apex  to  its  pitch-conei     To  this 
wheel  are    hung    the  revolving 
masses  B,   of  which   there    are 
usually  four,  although  two  only 
are  shown.     Those  masses  fonu 
sectors  of  a  ring,  and  are  surrounded  by  a  cylindrical  casiog, 
Fp     When  the  masses  revolve  with  their  proper  velocity,   thev 
are    adjusted    so  as  nearly  to  touch  this  casing;  should    they 
exceed  that   velocity,  they  fiy  outwards  and  touch  the  casing, 
and  are  retarded  by  the  friction.     Their  centrifugal  force   niav^ 
be    opposed   either    by  gravity    or  by  springs:      For  practical 
purposes,  their  angular  velocity  of  revolution  about  the  vertical  axis 
may  be. considered  constant.     G,  G  are  horizontal  arms  projecting 
from  a  socket  which  is  capable  of  rotation  about  A,  and  canying 
vertical  bevel- wheels,  which  rest  on  E  and  support  C,  and  transmit 
motion  from  C  to  K     There  are  usually  four  of  the  arms  Q,  G, 
with  their  wheels,  though  two  only  are  shown.     H  is  one  of  those 
arms  which  projects,  and  has  a  rod  attached  to  its  extremity  to  act 
on  the  regulator  of  the  prime  mover,  of  what  sort  soever  it  may  be. 
When  C  rotates  with  an  angular  velocity  equal  and  contrary  to 
that  of  £  with  its  revolving  pendulumsi  the  arms  G,  G  remain 
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at  rest;  bat  slioiild  C  deviate  from  that  velocity,  those  arms  rotate 
in  one  direction  or  the  other,  as  the  case  maj  be,  with  au  angular 
velocity  equal  to  one-half  of  the  difference  between  the  angular 
velocity  of  C  and  that  of  E  (see  Article  234,  page  245),  and  con- 
tinue in  motion  until  the  regulator  is  adjusted  so  that  the  prime 
mover  imparts  to  C  an  angular  velocity  exactly  equal  to  that  of 
the  revolving  masses  B,  R 

There  are  various  modifications  of  the  differential  governor,  but 
they  all  act  on  the  same  principle 

3G8.  In  w^nrnp^ortamwrm  each  stroke  of  the  prime  mover  to 
be  regulated  forces,  by  means  of  a  small  pump,  a  certain  volume  of 
oil  into  a  cylinder  fitted  with  a  plunger,  like  a  hydraulic  press. 
The  oil  is  dischai^d  at  an  uniform  rate  through  an  adjustable 
opening,  back  into  the  reservoir  which  supplit  s  the  pump.  When 
the  prime  mover  moves  faster  or  slower  than  it  s  praper  speed,  the 
oil  is  forced  into  the  cylinder  faster  or  slower,  as  the  case  may  be, 
than  it  is  dischaiged,  so  as  to  raise  or  to  lower  the  plunger;  and 
the  plunger  communicates  its  movements  to  the  regulator,  so  as  to 
correct  the  deviation  of  speed. 

The  Beiiow»4;i«TcrB*r  acts  on  the  same  principle,  using  air  in- 
stead of  oily  and  a  double  bellows  instead  of  a  pump  and  a  plunger- 
cylinder 

369.  In  y»— ciir€Wi#r«  the  greater  or  less  resistance  of  air  or  of 
some  liquid  to  the  motion  of  a  fan  driven  by  the  prime  mover,  causes 
the  adjustment  of  the  opening  of  the  reymlator. 
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CHAPTER  IV. 

€F    THE    EFFICIENCY    AND    COUNTER-EFFICIENCT    OF    PISCEa^ 
COMBINATIONS,   AND  TRAINS,   IN  KECHANISaL 

370.  Nainre  and  DlTlirf^M  of  tke  Snftjecl. — ^The  terms  Efficiency 
and  CcuTder-eJfficiency  have  already  been  explained  in  Article  33J, 
page  377  j  and  the  laws  of  friction,  the  most  important  of  the 
wasteful  resistances  which  cause  the  efficiency  of  a  machine  to 
be  less  than  unity,  have  been  stated  in  Articles  309  to  311,  pages 
348  to  354.     In  the  present  Chapter  are  to  be  set  forth  the  ejects 
of  wasteful  resistance,  and  especially  of  fnetion,  on  the  efficiencj 
and  counte]>efficiency  of  single  pieces^  and  of  combinatioDsand  trains 
of  pieces,  in  Mechanism.     In  practical  calculations  the  eounier- 
efficiency  is  in  general  the  quantity  best  adapted  for  use;  because 
the  useful  work  to  be  done  in  an  unit  of  time,  or  effedUve  power ^  ia 
in  general  given ;  and  from  that  quantity,  by  multiplying  it  bj  the 
counter-efficiency  of  the  machine— that  is,  by  the  continued  product 
of  the  counter-efficiencies  of  all  the  successive  pieces  and  combina- 
tions by  means  of  which  motion  is  communicated  from  the  driving- 
point  to  the  useful  working-point — is  to  be  deduced  the  valne  of  the 
expenditure  of  energy  in  an  unit  of  time,  or  UAaX  povoer^  reqoired 
to  drive  the  machine.     In  symbols,  let  U  be  the  useful  work  to  be 
done  per  second;  c,  (/,  </',  kc,  the  counter-efficiencies  of  the  several 
parts  of  the  train;  T,  the  total  eneigy  to  be  expended  per  second; 
then 

T  =  c-c'c" -Ac. ..TJ. (1.) 

When  the  mean  effi)rt  required  at  the  driving-point  can  con- 
veniently be  computed  by  reducing  each  resistance  to  the  driving- 
point,  and  adding  together  the  reduced  resistances  (as  in  Article 
324,  page  369,  and  Article  338,  page  379),  the  ratio  in  which  the 
actual  effi>rt  required  at  the  driving-point  is  greater  than  what  the 
required  effi)rt  would  be,  in  the  absence  of  wasteful  resistance,  is 
expressed  by  the  continued  product  of  the  counter-efficiencies  of 
the  parts  of  the  train,  as  follows :  let  Pq  be  the  effort  required,  in 
the  absence  of  wasteful  resistance;  P,  the  actual  effi^rt  required; 
then 

P  =  c-c  •c''-&c....Po; (2.) 

and  in  determining  the  efficiency  or  the  counter-efficiency  of  a 
single  piece,  the  most  convenient  method  of  proceeding  often  con- 
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aisto  in  oompanng  together  the  efforts  required  to  drive  that  pieoe^ 
with  and  without  friction^  and  thus  finding  the  xatios 

P  P 

r^  S3  effidencjr;   ^  s  counter-efficiency; (3.) 

In  the  ensnmg  sections  of  this  Chapter,  the  efficiency  of  singlo 
primary  pieces  is  first  treated  of,  and  then  that  of  the  varioua^ 
modes  of  connection  employed  in  elementary  combinations. 

SscnOH  L-^EJieieney  and  CauTUer-^fficieney  qf  Primary  Pieces. 


371.  mmmiaMf  mi  PrinavT  Ftocca  te  ctoiMnd. — ^A  prinuuy  piece- 
in  mechanism,  moving  with  an  uniform  velocity,  is  balanced  under* 
the  action  of  four  forces,  via. : — 

I.  The  re-action  of  the  piece  which  it  drives :  this  may  be  calledi 
ihe  U^fvl  Re^tttmcey  and  denoted  by  R; 

II.  The  weight  of  Uie  piece  itself:  this  may  be  denoted  by  W. 
IIL   The  ^fbri  by  which  the  piece  is  driven:  this  may  bo 

denoted  by  P;  and  its  values  with  and  without  fiaction  by  P^  and 
P|  respectively. 

lY.  The  rmiltant  pressure  at  the  bearings,  or  hmurim^prea&m^ 
which  may  be  denoted  by  Q;  and  which  d[  course  is  equal  and 
directly  opposed  to  the  rraultant  of  the  first  three  foroea 

In  the  absence  of  fiiction,  the  bearing-pressure  would  be  normal 
to  the  bearing-eui&ce.  The  effect  of  motion  is,  that  the  line  of 
action  of  the  bearing-pressure  becomes  oblique  to  the  bearing- 
surface,  making  with  the  normal  to  that  suriace  the  angle  of 
repose  {0^  whose  tangent  (/  »  tan  0)  is  the  co-efficient  of  friction 
(see  Article  309,  page  349);  and  the  amount  of  the  friction  ia- 
expicssed  by  Q  sin  9,  or  very  nearly  by  /Q^  when  the  co-efficient 
of  friction  is  smalL 

In  the  class  of  problems  to  which  this  Chapter  rdates,  the  first 
two  foroes — ^that  is,  the  useful  resistance  B,  and  tiue  weight  W — 
are  given  in  magnitude^  position,  and  direction ;  and  in  most  cases- 
it  is  convenient  to  find  their  resultant,  in  magnitude,  position,  and 
direction,  by  the  rules  of  statics:  that  is  to  say,  if  the  line  of 
action  of  R  is  vertical,  by  Rule  L  of  Article  280,  page  322;  and  if 
inclined,  by  the  Rules  given  or  referred  to  in  Article  278,  page 
319.  In  what  follows,  the  resultant  of  the  useful  resistance  and. 
weight  will  be  called  the  given/arce,  and  denoted  by  R'. 

The  third  force — that  is,  the  effort  required  in  order  to  drive* 
the  piece  at  an  uniform  speed — is  given  in  position  and  direction; 
for  its  line  of  action  is  the  line  of  connection  of  the  piece  under 
consideration  with  the  piece  that  drives  it     The  magnitude  of  tlie« 
effort  is  one  of  the  quantities  to  be  found 

The  fourth  force— that  is,  the  bearing-pressure — has  to  be  found 
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in  position,  direction,   and  magnitude.     The  general   princij'l 
according  to  which  it  is  determined  are  the  following : — 

FirHy  That  if  the  lines  of  action  of  the  given  force  and  the  eff' 
are  parallel  to  each  other,  the  line  of  action  of  tbe  resultau: 
bearing-pressure  must  be  parallel  to  them  both;  and  that  if  they 
are  inclined  to  each  other,  the  line  of  action  of  the  resnlt&L: 
bearing-pressure  must  traverse  their  point  of  intersection. 

Secondly,  That  at  the  centre  of  pressure,  where  the  line  of  action 
of  the  resultant  beariug-pressure  cuts  the  bearing-suifaoes^  it  makv-^ 
an  angle  with  the  common  normal  of  those  sui^u^es  equal  to  thnr 
angle  of  repose,  and  in  such  a  direction  that  its  tangent Lil 
component  (being  the  friction)  is  directly  opposed  to  the  relati\e 
sliding  motion  of  that  pair  of  sur&ces  over  each  other. 

Thirdly,  That  the  given  force,  the  effort^  and  the  bearing- 
pressure,  form  a  system  of  three  forces  that  balance  each  other ; 
and  are  therefore  proportional  to  the  three  aidea  of  a  triangle 
parallel  respectively  to  their  directions. 

371  A.  c*BditiMis  AnaBied  to  be  Fnlfllied. — In  all  the  problems 
treated  of  in  this  section,  the  following  conditions  are  assumed  to 
be  fulfilled: — First,  that  except  when  otherwise  specified,  the 
forces  other  than  bearing-pressures  which  are  applied  to  the  piece 
under  consideration — ^that  is,  the  useful  resistanoe,  the  weighty  and 
the  effort — act  either  in  parallel  directions,  or  exactly  or  nearly  in 
one  plane,  parallel  to  the  planes  of  motion  of  the  particles  of  the 
piece;  secondly,  that  the  acting  parts  of  the  piece  do  not  overhan'j 
the  bearings;  and  thirdly,  that  the  bearing-surfaces  fit  each  other 
easily  without  any  grasping  or  pinching.  As  to  the  object  of  the 
fulfilment  of  such  conditions,  and  the  effects  of  departure  from 
them,  the  following  explanations  have  to  be  made:— 

L  The  bearing-surface  of  many  primary  pieces,  and  especially  of 
rotating  pieces,  is  in  general  divided  into  two  parts;  for  example, 
an  axle  is  veiy  often  supported  by  two  journals.     If  the  forces 
other  than  bearing-prc8sui*es  which  are  applied  to  the  moving  piece, 
are  parallel  to  each  other,  the  parts  of  the  bearing-pressure  will  also 
be  parallel  to  them  and  to  each  other;  and  the  sum  of  the  fiictional 
resistances  due  to  the  two  parts  of  the  bearing-pressure  will  be 
simply  equal  to  the  frictional  resistance  due  to  the  whole  bearing- 
pressure  treated  as  one  force.     The  same  will  be  the  case  when 
the  forces  other  than  bearing-pressures  act  in  one  plane,  parallel 
to  the  planes  of  motion  of  the  particles  of  the  piece;  and  will  be 
nearly  the  case  when,  although  those  forces  act  in  different  planess 
the  transverse  distance  between  their  planes  of  action  is  small 
compared  with  the  distance  between  the  planes  of  action  of  the 
two  components  into  which  the  bearing-pressure  is  divided. 

But  when  that  condition  is  not  fulfilled,  the  friction  at  the 
bearings,  being  proportional  to  the  sum  of  the  two  components 
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into  which  the  bearing-pressure  is  divided,  will  be  greater  than 
the  friction  due  simply  to  the  resultant  bearing-pressure  considered 
aa  one  force;  and  the  efficiency  of  the  piece  wUl  be  diminished. 

II.  The  effect  upon  the  friction,  and  upon  the  work  lost  in 
overcoming  it,  produced  when  the  acting  parts  of  a  moving  piece 
overhang  its  bearings,  may  be  approximately  calculated  and  wowed 
for  in  the  following  manner : — 

Suppose  that  the  bearing-surface  of  a  primary  piece,  whether 
sliding  or  turning,  is  divided  into  two  parts ;  and  that  the  trans- 
verse distance  between  the  centres  of  those  two  parts — ^that  is,  the 
distance  in  a  direction  perpendicular  to  the  planes  of  motion  of 
the  particles  of  the  piece — is  denoted  by  &  Let  the  plane  of  action 
of  the  forces  other  than  bearing-pressures  be  situated  oniside  the 
space  between  the  two  parts  of  the  bearing-sur&ce,  and  at  the 
transverse  distance  z  from  the  centre  of  the  nearer  of  those  parts; 
and  consequently  at  the  distance  «  +  c  from  the  centre  of  the 
further  of  them.  Let  Q  be  the  resultant  bearing-pressure.  The 
two  components  of  that  resultant  pressure,  exerted  at  the  two 
parts  of  the  bearing-surface,  will  be  contrary  to  each  other  in 
direction ;  and  their  values  will  be  respectively, 

,                                         Qlz  -i-  c) 
at  the  nearer  part,  ^^-^ -'; 

—  Qz 
and  at  the  further  part^  — -^. 

The  total  friction  will  be  the  sum  of  two  components  exerted  at 
the  two  parts  of  the  bearing-surface  respectively,  and  will  be  pro- 
iwrtionaf  to  the  ariihmeii(xil  turn  of  the  two  components  of  the 
bearing-pressure ;  that  is,  to  the  force 

Q(i+l£). 
i         ' 

whereas,  if  the  plane  of  action  of  the  resultant  of  the  given  force 
and  the  effort  Imd  not  overhung  the  bearings,  the  friction  would 
have  been  simply  proportional  to  Q.  Hence  the  effect  of  that 
plane's  overhanging  the  bearings  by  the  distance  «,  is  to  increase 
the  friction  approximately  in  the  ratio  of 

1  +  —  :  1. 
e 

III.  Aa  to  the  condition  that  the  bearing-sorfaoes  should  fit 
each  other  easily,  it  is  necessary  in  order  that  the  bearing-pressure 
may  not  contain,  to  any  appreciable  extent,  pairs  of  components 
^  bich  balance  each  other,  being  transverse  to  the  direction  of  the 
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reraltant  bearing-pressure;  for  such  components  cause  an  un- 
necessary addition  to  the  friction.  The  ratio  in  which  the  fraetk>n 
of  a  a^^JMang  hmring  exceeds  that  of  an  easy-fitting  bearing  of 
the  same  dimensions  and  figure,  is  very  nearly  eqnal  to  that  in 
whidi  the  whole  area  of  the  bearing-surface  ezoeeda  the  area  of 
the  projection  of  that  surface  on  a  plane  normal  to  the  dixec^oa  of 
the  resultant  bearing-pressure. 

When  the  use  of  bearing-surfBM^es  in  pairs,  oblique  to  the  plane 
of  the  pressure  and  motion,  is  unavoidable  (as,  for  example,  in  the 
case  of  the  Y-shaped  bearings  of  a  planing  machine)^  their  effect 
may  be  allowed  for  by  increasing  the  oo-ej£cient  of  mction  in  the 
ratio  above-mentioned;  which  is  expressed  by  the  secant  o£  the 
equal  angles  which  the  normals  to  the  bearing-sur&oes  make  with 
that  plane. 

372.  BflcleB«r  •€  m  atnOght-dMlMS  Piece.— In  fig.  263,  let  A  A 
be  a  straight  guiding-sur&ce,  upon  which  there  slides^  in  the  dixec- 
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h^t3f-^^:^ T<t  -  JU 


Fig.  263. 

tion  marked  by  the  feathered  arrow,  the  moving  piece  R  Let 
G  D  represent  the  given  force^  being  the  resultant  of  the  useful 
resistance  and  of  the  weight  of  t^e  piece  B.  (The  figure  shows 
the  motion  of  B  as  horizontal;  but  it  may  be  in  any  direction.) 
Let  C  J  be  the  line  of  action  of  the  effort  by  which  the  piece  B  is 
driven. 

Draw  CN  perpendicular  to  A  A;  and  CF  making  the  angle 
N  C  F  s=  the  angle  of  repose.  Through  D,  parallel  to  G  J,  draw 
the  straight  line  D  H  Q,  cutting  GN  in  H,  and  G  F  in  Q ;  and 
through  H  and  Q,  and  parallel  to  D  G,  draw  H  K^  and  Q  E,, 
cutting  G  J  in  Kq  and  K^  respectively.  Produce  H  U  to  H',  and 
Q  C  to  or,  making  C  H'  =  H  C,  and  C  Q'  =r  Q  C. 
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Then,  in  the  absenoe  of  friction,  G  H'  will  represent  the  resultant 
bearing-pressare  exerted  upon  B  by  A  A;  and  OKassDH  will 
represent  the  force  in  the  given  direction  C  J  required  to  drive  B 
at  an  uniform  speed;  and  when  friction  is  taken  into  account^  G Q' 
will  represent  the  resultant  boaring-pressurcy  and  G  K|  the  actual 
driving  force  reqiured;  and  we  shall  have 

the  efficiency  =  nv^i  ^^^  ^®  counter-efficiency  =z  yt^' 

If  from  D,  E^  and  K^  there  be  let  fall  upon  A  A  the  perpen* 
diculara  D  B,  ^o  ^o»  ^^^  ^i  ^i»  ^  ^  ^^  represent  the  direct 
resistance  to  the  advance  of  B;  GP^,  the  direct  effort  in  the 
absence  of  friction ;  and  G  P^,  the  direct  effi)rt  taking  friction  into 
account;  so  that  the  distance  PoPi  will  represent  the  friction 
itself;  which  is  also  represented  by  Q  N  perpendicular  to  G  N. 

To  express  these  results  by  symbols,  let  G  D  =  B'  (the  given 
force);  let  the  acute  angle  A  G  D  be  denoted  by  «,  and  the  acute 
angle  A  G  J  by  /8;  and  let  ^  denote  the  angle  of  repose  N  0  Q. 

Then,  in  the  triangle  G  D  H,  we  have  .^DGHr=~  —  «,  and 
G  H  D  =r  ^  —  /S;  and  in  the  triangle  G  Q  D,  we  have  ^^  D  G  Q 
=  2  —  •  +  C>  and  .^^GQDsr-^-  —  /8  —  ♦;  consequently 

cos  ^  '  COB  (/S  +  ^)  ' 

whence  it  follows  that  the  efficiency  and  counter-efficiency  are 
given  by  the  following  equations : — 

^ffi.^^      Po     I>H       co6>'cos(/i+»)       1  —/tan  $  ,,  , 
Efficiency  =p^  =  PQ  =  eos/S  >  cos  (i»-»)°  1 +/tan>  <^'> 

Gounter-efficiency  =  ^1  =  - V.      ^  (2.) 


It  is  to  be  remarked,  tiiat  the  efficiency  diminishes  to  nothing 
when  cotan  ^  =:/;  that  is  to  say,  when  /S  is  the  complement  of  the 
angle  of  repose,  0.  In  other  words,  if  the  oblique  ^ort  is  applied 
in  the  direction  G  Q,  no  force,  how  great  soever,  will  be  sufficient 
to  keep  the  piece  B  in  motion. 

873.  B««icacy«ruAaic.— In  fig.  264,  let  the  oiide  AAA 
represent  the  trace  of  the  bearing-surface  of  an  axle  on  a  plane 
perpendicular  to  its  axis  of  rotation,  O — ^in  other  words,  the  trans- 
verse section  of  that  surface.  Let  the  arrow  near  the  letter  N 
represent  tlie  direction  of  rotation.    Let  G  D  be  the  given  force; 
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that  is,  as  before,  the  resultant  of  the  weight  of  the  whole  piece 
that  rotates  with  the  axle,  and  of  the  useful  resistance  or  re-act i^o 
exerted  on  that  piece  by  the  piece  which  it  drives;  C  J,  the  liue  d 
action  of  the  effort  bj  which  the  rotating  piece  is  driven. 


Tig,  26i. 

In  toothed  wheel- work  the  lines  of  action  of  the  nsefiil  resist- 
ance and  of  the  effort  may  be  taken  as  coinciding  with  the  lines  • : 
connection  of  the  rotating  piece  with  its  follower  and  with  it' 
driver  respectively.  In  pulleys  connected  with  each  other  \j 
bands,  special  principles  have  to  be  attended  to,  which  will  U- 
explained  in  the  ensuing  Articla 

Let  r  denote  the  radius  of  the  bearing-surfisice. 

About  O  describe  the  small  circle  B  B,  with  a  radios  =rr 
sin  ^  =/r,  very  nearly.  Draw  the  line  of  action,  C  T  Q,  rf  tl^ 
resultant  bearing-pressure,  touching  the  small  circle  at  that  si  :-.* 
which  will  make  the  bearing-pressure  resist  the  rotation.  In  tie 
case  in  which  C  D  and  C  J  intersect  each  other  in  a  point,  C,  &> 
shown  in  the  figure,  CTQ  will  traverse  that  point  ako;  and  i^ 
the  case  in  which  the  lines  of  action  of  the  given  force  and  tlr 
effort  are  parallel  to  each  other,  CTQ  will  be  parallel  to  boii-. 
The  centre  of  bearing-pressure  is  at  Q ;  and  0  Q  T  =  ^,  the  an^l 
of  reitose. 

In  the  former  case  the  efficiency  may  be  found  by  parallels 
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grams  of  forces,  as  follows: — Draw  the  straigbt  line  CON;  tbis 
mrould  be  the  line  of  action  of  the  resultant  bluing-pressure  in  the 
abeence  of  friction,  and  N  would  be  the  centre  of  bcaring-pressui^ 
Thronsh  D,  parallel  to  C  J,  draw  D  H  £,  cutting  CON  in  H, 
and  C  T  Q  in  K  Through  H  and  E,  parallel  to  D  C,  draw  H  T^ 
and  E  P^.  Then,  in  the  absence  of  friction,  H  C  would  ]*epresei)b 
the  bearing-pressure,  and  C  P^  =  D  H  the  effort;  ihe  actual  bear- 
ing-pressure is  represented  by  E  C,  and  the  actual  effort  by  C  P^  = 
D  £L     Hence  the  efficiency  and  counter-efficiency  are  as  follows : — 

P^""  DE'  Po""DH' ^^'^ 

Another  method,  applicable  whether  the  forces  are  inclined  or 
parallel,  is  as  foUows : — From  the  axis  of  rotation  O,  let  £dl  O  I^ 
and  O  Mq  perpendicular  respectively  to  the  lines  of  action  of  the 
given  force  and  of  the  effort  Then,  by  the  balance  of  moments, 
the  effort  in  the  absence  of  friction  is 

From  a  convenient  point  in  the  actual  line  of  action,  C  Q,  of 
the  bearing-pressure  (such,  for  example,  as  T,  where  it  touches  the 
small  circle  B  B),  let  fall  T  L^  and  T  M^  perpendicular  respec- 
tively to  the  same  pair  of  lines  of  action;  then  the  actual  effort 
will  be 


Pl=:R 


T  Mj* 


Hence  the  efficiency  and  the  countex^efficiency  have  the  foUowing 
value:— • 


Po 

Oly,- 

TM,. 

Pi 
p. 

~OMo 
OMo 

•TL/ 
•TLi 

Pp 

"01^- 

tm;  J 

(2.) 


The  same  results  are  expressed,  to  a  degree  of  approximation 
saffident  for  practical  puipoees,  by  the  following  trigonometrical 
fonnul©:— Let  O I^  =  I;  0  Mo  =  to;  ^ C O I^  =  •;  ^CO  M^ 
s  A    Then  we  have,  very  nearly, 

Po  _  £    m  -/r  sm/S m .«  . 

P,  ""  m  *  i  +/r  sin  •  *"  ,   , /r  ^  '^ 


430  DYKAMICS  OF  XACHIHERT. 

In  making  oae  of  the  preceding  formnla,  it  is  to  be 
that  the  contrary  cHgAraical  signs  of  sin  «  and  sin  fl  supply  to  tlioK 
cases  in  wMch  tibe  two  angles  «  and  fi  lie  at  contcaxy  flides  of  O  C 
In  the  cases  in  which  those  angles  lie  at  the  same  side  of  O  C,  tiwir 
algebraical  signs  are  the  same;  and  in  the  formnia  Aef  are  to  he 
made  boih  posUive  or  hotk  negcUivSj  according  as  ^  is  ten  or  grm^ 
than  « ;  BO  that  the  efficiency  may  be  always  expressed  by  a  tat- 
tion  less  than  nnity.    Tliat  is  to  say, 

l-r^^sin/8 
If/S:::p^-;|o  = ^ ;..., (3  a.) 

l+-^sin^ 

^^-^-^f:=7-^:— (^-) 

*      1  +  ^  am  • 

When  the  lines  of  action  intersect,  let  O  C  be  denoted  by  c; 
then  I  s=  e  cos  «,  and  m=ze  cos  fi;  and  consequently  the  three 
preceding  equations  take  the  following  form : — 

p        l--^tan/S 
fi  and  «  of  contrary  signs;  ^  = ^ ; (4) 

^1        l  +  llfsnm 
0 


fi  and  «  of  the  same  sign; 


p       1  -  -^  tan  iS 


7^>       ' v*^) 

1  -  -^  tan« 
e 

p        l+-9'tan/8 

^^«;f<^  =  — 4: (*"^) 

^^      l+-^tan« 
c 

When  the  lines  of  action  of  the  forces  are  panlld,  we  Invwan  t 
and  sin«  =  +lofr  —  1,  as  the  case  maybe;  and  tbe  ionrate 
take  the  following  riiape : — 

When  I  and  m  lie  at  contrary  sides  of  O,  the  piece  la  a  ^  kftr 
of  the  first  kind ; "  and 

P8_    TO 

^~^ ^'-^ 
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When  I  and  m  lie  at  the  same  ride  of  O; 

Ifm^  If  the  piece  is  a  ''  lever  of  the  second  kind ;"  and 

p    1-^ 

F°  =  7~^ ^^^^ 

l(m.^l,  the  piece  ia  a  "lever  of  the  third  kind;"  and 

(As  to  levers  of  the  first,  second,  and  third  kinds,  see  Ariido 
221,  page  233.) 

The  following  method  is  applicable  whether  the  forces  are  inclined 
or  pandlel;  in  the  former  case  it  is  approximate,  in  the  latter 
exact  Through  O,  perpendicular  to  O  C,  draw  IT  O  Y,  catting 
the  lines  of  action  of  the  given  force  and  of  the  effort  in  IT  and  v 
respectively.  The  point  where  this  transverse  line  cats  the  small 
circle  B  B  coincides  exactly  with  T  when  the  forces  are  parallel, 
and  is  rery  near  T  when  they  are  inclined;  and  in  either  case  the 
letter  T  will  be  used  to  denote  that  point    Then 

Po^OU.TV 

Pi  "  O  V    T  U ^  ^^ 

It  is  evident  that  with  a  given  radius  and  a  given  oo-effident  of 
friction,  the  effidency  of  an  axle  is  the  greater  the  more  nearly 
the  effort  and  the  given  force  are  brought  into  direct  opposition  to 
each  other,  and  also  the  more  distant  thdr  lines  of  action  are  from 
the  axis  of  rotation. 

374  AxiM  m€  WwMmfu  <■— grtcj  hf  Ba^»— When  the  rotating 
piece  whidi  tams  with  an  axle  consists  of  a  pair  of  pulleys,  one 
recdving  motion  from  a  driving  pulley,  and  the  other  communi* 
eating  motion  to  a  following  pmley,  reg.*%rd  must  be  had  to  the  ftet 
that  the  useful  resistance  and  the  driving  effort  axe  each  of  them 
the  differmee  of  a  pair  of  tensions;  and  that  it  is  upon  the  muliani 
of  each  of  those  pain  of  tensions  (being  their  sum,  if  they  act  paralld 
to  eadi  other)  tnat  the  axle-friction  Spends. 

The  prindples  according  to  which  tne  tendons  required  at  the 
two  ddes  of  a  baud  for  truismitting  a  given  effort  are  determined, 
have  been  stated  in  Article  310  a,  pages  351,  352. 

The  belt  which  drives  the  first  pulley  mav  be  called  the  drivmg 
bdt;  that  which  is  driven  by  the  second  pulley,  ihe  foUowing  bdU 
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The  tensions  on  the  two  sides  of  the  following  belt  are  given;  ani 
the  moment  of  the  useful  resistance  is  that  of  their  diffiBren>.. 
acting  with  a  leverage  equal  to  the  effective  radius  of  the  8eo>n  1 
pulley.  Let  j9  be  that  radius;  T^  and  T^  the  two  tensions;  iLcl 
the  moment  of  the  useful  resistance  is 

l»R=p(T,-T^. 

For  the  actual  useful  resistance  there  is  to  be  substituted  a  forre 
equal  to  the  resultant  of  1\  and  T2,  and  exerting  the  same  momcL:. 
That  is  to  say,  let  y  denote  the  angle  which  the  two  sides  of  iL- 
band  make  with  each  other ;  then  for  the  actual  useful  resistan:c 
is  to  be  substituted  a  force, 

»"=  J  {Tl  +  Ti  +  2TiT,ooBy}, (1.) 

acting  at  the  following  perpendicular  distance  from  the  axis  d 
rotation  :— 


y(T,-T^ 


R 

And  this  is  to  be  compounded  with  the  weight  of  the  rotati 
piece,  to  find  the  given  farce  R'  of  the  rules  in  the  preced: 
Article,  whose  perpendicular  distance  from  the  axis  will  be 


) 


WT.^-Tj) 

*  j^*       • w 


The  value  of  k  may  be  expressed  in  terms  of  tbe  ratio  of  t 

tensions  to  each  other,  and  independently  of  their  absolute  vah-.-. 

T 
as  follows: — ^Let  N  =  ^^  be  the  ratio  of  the  two  tensions  foui. 

by  the  rules  of  Article  310  a,  page  351.     Then 

jfc-  y(N-l) 

"  iw/{N2  +  1  +  2  N  cos  y} ^' 

In  like  manner,  for  the  actual  line  of  action  of  tbe  effort  ' ' 
which  the  first  pulley  is  driven  is  to  be  substituted  the  lice  ■ 
action  of  a  force  exerting  the  same  moment^  and  equal  to  i 
I'esultant  of  the  tensions  of  the  two  sides  of  the  driving-ba:  . 
The  perpendicuhir  distance  m  of  this  line  of  action  from  the  a:^  .^ 
of  rotation  is  given  by  the  following  formula: — ^Let  p'  he  v 
effective  radius  of  the  pulley;  N*,  the  ratio  of  the  greater  to  :.  - 
lesser  tension;  y,  the  angle  which  the  two  sides  of  the  band  m  »> 
with  each  other;  then 

y>'(N'  — 1) 

^^^{N'*+  1  +  2N'oo8y'} <^' 

There  are  many  cases  in  practice  in  which  the  two  sides  of  e;^ .. 
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aay  be  treated  as  sensibly  parallel;  and  then  we 


.(6.) 


have  simply, 

R(N-Hl). 
^  =     N-1    ' 

^""     N  +  1'  N'+l     • 

And  if,  moreover,  as  frequently  happens,  the  weight  of  the  pulleys 
and  axle  is  small  compared  with  the  tensions,  we  may  n^lect  it, 
and  make  R'ssR'  and  Issk,  preparatory  to  applying  the  rules 
of  the  preceding  Article  to  the  determination  of  the  efficiency. 

375.  Bflci«BC7  •€  m  scMw.—The  efficiency  of  a  screw  acting  as  a 
primary  piece  is  nearly  the  same  with  that  of  a  block  sliding  on  a 
straight  guide,  which  represents  the  development  of  a  helix  situated 
midway  between  the  outer  and  inner  edges  of  the  screw-thread; 
the  block  being  acted  upon  by  forces  making  the  same  angles  with 
the  straight  guide  that  the  actual  forces  do  with  that  helix.  As  to 
the  development  of  a  helix,  see  Article  63,  page  40 ;  and  as  to  the 
efficiency  of  a  piece  sliding  along  a  straight  guide,  see  Article  372, 
page  426. 

376.  BflclMicf  •€  !<•■«  X<lBM  mi  BeriMBHa  fthafllBg.— In  a  line 
of  honxontal  shafting  for  transmitting  motive  power  to  long 
distances  in  a  mill,  a  great  part  of  the  wasted  work  is  spent  in 
overcoming  the  friction  produced  simply  by  the  weight  of  the 
fihaft  resting  on  its  bearings;  and  the  efficiency  and  counter- 
efficiency  as  affected  by  this  cause  of  loss  of  power  can  be  con- 
sidered and  calculated  separately. 

For  reasons  connected  with  the  principles  of  the  strength  of 
materials,  to  be  explained  further  on,  the  cube  of  the  diamder  of  a 
shaft  of  uniform  diameter  must  be  made  to  bear  a  certain  propor- 
tion to  the  driving  moment  exerted  upon  it  to  keep  up  its  rotation. 
That  is  to  say,  let  M^  denote  that  moment;  h,  the  diameter  of  the 
shaft;  then 

Mj  =  AA»;  (1.) 

A  being  a  co-efficient  whose  values  in  practice  range,  according 
t  J  circumstances  to  be  explained  in  the  Third  Part  of  this  treatise^ 

for  forces  in  lbs.  and  dimensions  in  inches,  from  300  to  1,800; 

and  for  forces  in  kilogrammes  and  dimensions  in  millimetres^ 

from  0-21  to  1*26. 

Let  w  denote  the  heaviness  of  iron;  /  the  co-efficient  of  friction; 
then  the  weight  of  an  unit  of  length  of  the  shaft  is 

29 
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tbe  friction  per  unit  of  length  is,  very  neariy, 

and  the  TnomerU  of  friction  per  unit  of  length  is 

|/w  Ifi  =  '3927  f  to  A»  neady. (1) 

Let  L  be  the  length  of  a  shaft  of  uniform  dfameta^  Buck  th&t  Uf 
whole  driving  moment  is  exhausted  in  oYerooming  its  own  fhcu  - 
This  may  be  called  the  exhatuUve  length.    That  wm  ■UMt  bav« 

Mj  =  A  A>  =:  -3927/10  A>  L;  and  therefore 

T ^  /r  • 

""  •3927/w' ^^ ' 

Por  lengths  in  feet,  and  diameter  in  inchai,  we  haye  19  =  ^ ;  bez: 

the  weight  in  pounds  of  a  rod  of  iron  a  foot  long  and  an  zi  * 
square.  For  lengths  in  metres,  and  diameten  in  miUim^tres.  •- 
have  to  =  *0077  nearly;  being  the  weight  of  a  rod  of  iron  ^: 
mdtre  long  and  one  millimdtre  square.  Lety=0O51;  the&:>< 
following  are  the  values  of  the  exhaustive  length  L  oorresponcL^ 
to  different  values  of  A  :— 


A,  British  measures,  300  doo  z,aoo  zJBoo 

„   French,  02 x  0*4^  01B4  1*26 

Ly  feet  4»5oo  9,000  16,000  37,000 

„  mi^tras  1,365  2,730  5,460  8,190 

It  is  obvious  that  the  efficiency  of  a  length,  l^  of  shaiting 
uniform  diameter  is  given  by  the  expression 

M0  being  the  driving  moment  in  the  absence  of  friction  ;  M,,  t 

I 
actual  driving  moment;  and  =-,  the  fraction  of  that  monient  r 

Li 

pended  on  friction;  also,  that  the  counter-effLciency  ia 

Mi_     L 

Mn""L  -f ^" 


When,  besides  its  own  weight,  the  shaft  is  loaded  with  tlie  ^we:^ 
«f  pulleys  and  tensions  of  belts,  the  effect  of  such  additioiiAl  . 
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may  be  aUowed  for,  with  a  degree  of  ajocuncy  sufficient  far  pmctical 
purposes,  in  the  following  manner: — Find  the  magnitude  of  the 
resultant  of  the  weight  of  the  shaft  and  additional  load;  and  let  m 
be  the  ratio  which  it  bears  to  the  weight  of  the  shaft.  Then  the 
modified  value  of  the  exhaustive  length  is  to  be  found  by  putting 
m  to  instead  of  to  in  the  denominator  of  the  expression  (3.) :  that  is 
to  say 

^^'Z927/mvf ^^'^ 

The  waste  of  work  in  a  long  line  of  shafting  may  be  diminished, 
and  the  efficiency  increased,  by  causing  it  to  taper,  so  that  the  cube 
(    of  the  diameter  shall  at  each  cross-section  be  proportional  to  the 
r    moment  exerted  there.     The  most  perfect  way  of  fulfilling  that 
I    condition  is  to  make  the  diameter  diminibh  continuously  in  geo- 
metrical progression;  the  generating  liike  or  longitudinal  section 
'    of  the  shaft  being  a  logarithmic  curve.     Let  h  be  the  diameter  at 
the  driving  end,  x  the  diatanoe  of  a  given  cross-section  from  that 
end,  and  y  the  diameter  at  that  crom-sectiou ;  then 

M_ 

y^he    •^; (7.) 

;    in  which  €     •i'  is  the  redprocal  of  the  natural  number,  or  anti- 
logarithm,  corresponding  to  the  hyperbolic  logarithm  ^,  and  to 

the  common  logarithm  — ^-= — .    Let  /  be  the  total  length  of  such 

a  tapering  shaft,  and  Mq  the  useful  working  moment  ezerbed  at 
its  smaller  end;  then  we  have 

Ma        -' 
Efficiency,  «9  s=  j    i»^  ^ 


(«•) 


1 

M         - 

Coimter^fficiency,  ^^ sze^. 

This  cannot  be  perfectly  realised  in  practice;  but  it  can  be 
approximated  to  by  making  the  shaft  consist  of  a  series  of  lengths, 
or  divisions,  each  of  uniform  diameter,  and  increasing  in  diameter 
step  by  step. 

Let  -  now  denote  the  length  of  one  of  those  dxviiiflDS ;  tha 

Dumber  of  divisions  being  n.    The  oounter«fficienoy  of  eadi 
division  is  expressed  by 

L 

ZIb (»•) 

n 
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and  consequently,  the  counter-efficiency  of  the  whole  shaft  ifl| 

L 

.(10.) 


i-{^] 


The  diameters  of  the  lengths  of  shafting,  beginning  at  the  driTiof!- 
end,  form  a  diminishing  geometrical  progression,  of  which  ue 
common  ratio  is 


{'-.-l} "" 


Section  II. — Efficiency  and  Counter-^iciency  of  Modes  of 

Connection  in  Mechanism, 

377.  SflclcBCT  •€  nodes  of  C«aBectl«H  la  GracmL — In  an  el:^ 

mentary  combination  consisting  of  two  pieces,  a  driver  aoi  - 
follower,  there  is  always  some  work  lost  in  overcoming  wasU: 
resistance  occasioned  by  the  mode  of  connection ;  the  result  be.:: 
that  the  work  done  by  the  driver  at  its  working-point  is  gm^' 
than  the  work  done  upon  the  follower  at  its  driving-point,  i- - 
proportion  which  is  tfie  counter-efficiency  of  the  connecUon;  andi  - 
reciprocal  of  that  proportion  is  the  efficiency  of  the  connection,  1' 
calculating  the  efficiency  or  the  counter-efficiency  of  a  train 
mechanism,  therefore,  the  factors  to  be  multiplied  together  comp 
not  only  the  efficiencies,  or  the  counter-efficiencies,  of  the  serer. 
primary  pieces  considered  separately,  but  also  those  of  the  sever. 
modes  of  connection  by  which  they  communicate  motion  to  e&  - 
other. 

378.  SflcleacT  of  B*11Ib«  Coatmct. — The  work   lost  when  '"^^ 
primary  piece  drives  another  by  rolling  contact  is  expended  "- 
overcoming  the  rolling  resistance  of  the  pitch-surfaoes,  a  kind 
resistance  whose  mode  of  action  has  been  explained  in  Article  3! 
page  353 ;  and  the  value  of  that  work  in  units  of  work  per  sec^'^- 
is  given  by  the  expression  a  6  N ;  in  which  N  is  the  normal  pres^^' 
exerted  by  the  pitch-surfaces  on  each  other;  &,  a  constant  aroo,  ^[* 
length  depending  on  the  nature  of  the  surfaces  (for  example,  0^*  • 
of  a  foot  B  0'6  millimltra  for  cast  iron  on  cast  iron,  see  page  S5t 
and  a,  the  ralative  angular  velocity  of  the  surfisuses. 

The  useful  work  per  second  is  expressed  by  u  /*N,  in  which/' 
the  oo-effident  of  friction  of  the  surfaces,  and  u  the  common  veloc/. 
of  the  pitch-lines.     Hence  the  counter-efficiency  is 

«  =  i  +  ^ (1.) 

u/  ^ 
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Let  p^  and  p^  be  the  lengths  of  two  perpendicnlare  let  fall  from 
the  two  axes  of  rotation  on  the  common  tangent  of  the  two  pitch- 
lines;  if  the  pieces  are  circular  wheels,  those  perpendiculars  will 
be  the  radii     Then  the  absolute  angular  velocities  of  the  pieces 

are  respectively—  and ;  and  their  relative  angular  velocity  is 

therefore 


which  value  being  substituted  in  equation  (1),  gives  for  the  counter* 
efficiency  the  following  value : — 


c=  1  + 


/  \Pi  Pi/ 


.(2.) 


It  IS  assumed  that  the  normal  pressure  is  not  greater  than  is 
necessary  in  order  to  give  sufficient  friction  to  communicate  the 
motion. 

It  is  evident,  from  the  smallness  of  6,  that  the  lost  work  in  this 
case  must  be  almost  always  a  veiy  small  fraction  of  the  whole. 

379.   Bflcl«BC7  •€  SIMIa«  Cmmimtt  im  deacniL — In  fig.  265,  let  T 

be  the  point  of  contact  of  a  pair  of 
moving  pieces  connected  by  sliding 
contact.  Let  the  plane  of  the  figure 
be  that  containing  the  directions  of 
motion  of  the  two  particles  which  touch 
each  other  at  the  point  T ;  and  let  T  V 
be  the  velocity  of  the  driving-particle^ 
and  T  W  the  velocity  of  the  following- 
particle  ;  whence  V  W  will  represent 
the  velocity  of  sliding,  and  T  U,  per- 
pendicular to  y  W,  the  common  com- 
ponent of  the  velocities  of  the  two 
particles  along  their  line  of  connection 
RTP.  C  T  C,  parallel  to  V  W,  and 
])erpendicular  to  R  T  P,  is  a  common 
tangent  to  the  two  acting  surfaces  at 
the  point  T ;  the  arrow  A  represents 
the  direction  in  which  the  driver  slides  , 
relatively  to  the  follower;  and  the 
an-ow  B,  the  direction  in  which  the 
follower  slides  relatively  to  the  driver. 
Along  the  line  of  connection,  that  is, 
normal  to  the  acting  surfaces  at  T,  lay 
off  T  P  to  represent  the  effort  exerted  by  the  driver  on  the 


F|g;2e6« 
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follower,  and  TR(=  —  TP)to  rcprgacut  the  equal  and  oppoEiy 
mefal  resistance  exerted  by  the  follower  against  the  drnrcr.     Dn^ 
S  T  Q,  making  with  R  T  P  an  angle  eqnal  to  the  angle  of  rcpri?^ 
of  the  mbbing  snrfiioes  (see  Artide  309,  page  349),  and  inclined  ii 
the  proper  direction  to  represent  forces  opposing  the  aliding  motioL . 
draw  P  Q  and  R  S  parallel  to  C  G.     Then  T  Q  will  represent  t. 
resultant  pressure  exerted  by  the  driver  on  the  follower,  and  T  "^ 
(=  —  T  Q),  the  equal  and  opposite  resultant  pi-essure  exerted  If 
the  foUower  against  the  driver,  and  P  Q  =  —  R  S  will  reprt>-:/ 
the  friction  which  is  overcome,  through  the  distance  V  W,  in  ea  : 
second;  while  the  useful  resistanoe,  T  R,  is  overcome  throogfa  t' 
distance  T  U.     Hence  the  useful  work  per  second  is  T  U  *  T  K 
the  lost  work  is  Y  W  *  R  S ;  and  the  counter-efficiency  is 

YW'RS 
»=  1  +  XUTR ' 

Let  ihe  angle  U  T  Y  ==  «>  the  angle  U  T  W  r^  ^  and  l^j.^ 
the  co-efficient  of  friction.     Then  we  have — 

^^     ^       *— .   »S      ^ 

and  consequently 

c  =  1  +/(tan  m  -^  tan  fiy (2  ; 

380.  Bflci«BC7  •€  Teeth. — It  has  already  been  riiowii,  in  Arti. 
127,  page  118,  that  the  relative  velocity  of  diding  of  a  pair  .. 
teeth  in  outside  gearing  is  expressed  at  a  given  instant  b^ 

(«i  +  «t) '; 

where  t  denotes  the  distance  at  that  instant  of  the  point  of  oonur: 
from  the  pitch-point.  (In  inside  gearing  the  angular  velocitT  r 
the  greater  wheel  is  to  bs  taken  with  the  ne^pative  sign.) 

The  distance  t  ia  continually  varying  from  a  maximam  at  tl- 
beginning  and  end  of  the  contact,  to  nothing  at  the  instant  of  pt-' 
ing  the  pitch-point.  Its  mean  value  may  be  assumed,  irith  §  / 
ficient  accuracy  for  practical  purposes,  to  be  sensibly  equal  to  c- 
half  of  its  greatest  value;  and  in  the  formula  which  follow,  t^ 
symbol  t  standi  for  that  mean  value. 

Let  P  be  the  mutual  piessure  exerted  by  the  teeth;  y,  tbe  ^ 
efficient  of  friction;  then  the  work  lust  per  seeond  throng  t. 
friction  of  the  teeth  is 

Let  a  be  the  common  velocitj  of  the  two  pitdi-cirdea;   #^  C 
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mean  Miquity  of  the  line  of  oonnectioii  to  the  oommon  taBgeni  of 
the  pitch-cirdei;  then  «  ooe  #  is  the  mean  value  of  the  eommaa 
component  of  the  velocities  of  the  acting  sur&ces  of  the  teeth  along 
the  line  of  connectioa;  and  the  nsefol  work  done  per  seooad  ia  ez- 
pressed  ujr 

Pttcoal 

80  that  the  oonnter-efficieiicj  is 

c.l  +  ^hJL^ (I.) 

fi  cos  #  ^    ' 

Let  rj  aad  r^  be  the  ndii  of  the  two  pitch-dxdes;  thes  we  have 

and  consequentlj 


l./*.ec*{l.i} (2.) 


If  two  pain  of  teeth  at  least  are  to  be  in  action  at  each  instant 
(as  in.  the  case  of  involute  teeth,  and  of  some  epicjcloidal  teeth)^ 

and  if  the  pUeh  be  denoted  by  p,  we  have  I  see  I  s  ^9  *>^^  thev^ 

fore 

where  n^  and  n^  are  the  number  of  teeth  in  the  two  wheela 

In  many  examples  of  epicydoidal  teeth,  especially  where  small 

2      3 
pinions  are  used,  the  duration  of  the  contact  is  only  ^  or  ^  of  that 

assumed  in  equation  (3);  aad  the  work  lost  in  friction  is  less  in  the 
same  proportion. 

The  preceding  rules  have  been  stated  in  the  form  applicable  to 
Bpur-wheela  In  order  to  make  them  applicable  to  bevel-wheelsy 
all  that  is  neoenary  is  to  understand  that  the  measurements  of 
radii,  distances,  and  obliquity,  are  to  be  made,  not  on  the  actual 
pitch-didea,  but  on  the  pitch-circles  as  shown  on  <Ae  deodopmmU  qf 
the  normal  eonee;  as  to  which,  see  Article  144,  page  144. 

When  there  is  a  iranaveree  component  in  the  reUttire  velocity  of 
sliding  (as  in  gearing-screws,  Article  154,  page  160),  tHe  fractional 
value  of  the  work  lost  in  friction  is  to  be  first  computed  as  if  for  a 
pair  of  spur-wheels  whose  pitch-circles  are  the  osculating  circles  of 
the  normal  screw*lines  (see  Article  154,  pages  161, 162 ;  and  Article 
15fiy  page  163^    Then  find  in  what  ratio  the  velodty  of  sliding  ia 
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increased  by  compounding  the  transverse  componeDt  with  t^^ 
direct  component  (a,  +  a^  t;  and  increase  the  fraction  of  work  lo^: 
through  friction  in  the  same  proportion. 

381.  Bflci0«cr  •^  Buids* — ^A  band,  snch  as  a  leather  belt  or  % 
hempen  rope,  which  is  not  perfectly  elastic,  requires  the  expeixiitir? 
of  a  certain  quantity  of  work — ^first  to  bend  it  to  the  curvatun;  ': 
a  pulley, and  then  to  straighten  it  again;  and  the  quantity  of  v  rk 
so  lost  has  been  found  by  experiment  to  be  nearly  the  sam^  !.^ 
would  be  required  in  order  to  overcome  an  additional  resistan>, 
varying  directly  as  the  sectional  area  of  the  band,  direcUy  as  .:9 
tension,  and  inversely  as  the  radius  of  the  pulley.  In  tbe  follo-r. 
ing  formnlsB  for  leather  belts,  the  stiffness  is  given  as  estimated  j 
Keuleaux  {Constmclionslehre/iir  Maschinenbau,  §  307). 

Let  T  be  the  mean  tension  of  the  belt ;  S,  its  sectional  arei . 
r,  the  radius  of  the  pulley;  b,  a  constant  divisor  determined  by  n- 
periment;  K',  the  resistance  due  to  stiffness;  then 

«'  =  |7- <^) 

b  (for  leather)  =  3*4  inch  s=  87  millimHres, 

To  apply  this  to  an  endless  belt  connecting  a  pair  of  pnllev?  •:' 

the  respective  radii  r^  and  r^  let  T^  and  T^  be  the  tensions  of  t:" 

two  sides  of  the  belt,  as  determined  by  the  rule  of  Article  31"  i 

page  351.     Then  the  useful  resistance  is  T,  —  Ta ;  the  mean  tei- 

.   T  +  T 
sion  is     ^  ^ — ^9  ^^i  the  additional  resistance  due  to  stiffness  is 

T,  +  Tg  Sf  2  ,11 

consequently  the  counter-efficiency  is 

T^  +  Tg       S/l      !_)    1 


=  1  + 


N  +  1 


.s/i  +  Il. 


•••••• • 


..(2.) 


2  (N  —  1) 

T 
N  denoting  =^,  as  in  Article  374,  page  432.    The  sectioiud  ar?&. 

8,  of  a  leather  belt  is  given  by  the  formula 

8  =  5' <3> 

where  p  denotes  the  safe  working  tension  of  leather  belts;  in  nni*-^ 
of  weight  per  unit  of  area;  its  valae  beings  according  to  Morin, 
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0-3  kilogramme  on  the  sqnare  millimetre,  or 
285  lb&  on  the  square  inch. 

The  ordiDaiy  thickness  of  the  leather  of  which  belts  are  made  is 
about  0'16  of  an  inch,  or  4  millimetres;  and  from  this  and  from 
the  area  the  breadth  may  be  calculated.  A  double  belt  is  of  double 
thickness,  and  gives  the  same  area  with  half  the  breadth  of  a  single 
belt 

When  a  band  runs  at  a  high  velocity,  the  eerUri/ugal  Unsion^ 
or  tension  produced  by  centrifugal  force,  must  be  added  to  the 
tension  required  for  producing  friction  on  the  pulleys,  in  order  to 
find  the  total  tension  at  either  side  of  the  band,  with  a  view  to 
determining  its  sectional  area  and  its  stiffness.  The  centrifugal 
tension  is  given  by  the  following  expression  :— 

-J-'' ^-^ 

in  which  w  is  the  heaviness  (being,  for  leather  belts,  nearly  equal  to 
that  of  water) ;  S,  the  sectional  area ;  v,  the  velocity;  and  g,  gravity 
(  -  32-2  feet,  or  9-81  metres  per  second). 

When  centrifugal  force  is  taken  into  consideration,  the  following 
formula  is  to  be  used  for  calculating  the  sectional  area;  T^  being 
the  tension  at  the  driving-side  of  the  belt,  as  calculated  by  the  rules 
of  Article  310  a,  page  351,  exdusive  of  centrifugal  tension:'^ 

«  =  -^' <^> 

and  the  following  formula  for  the  counter-efficiency  :— 

T   4.  T   4.  ^^^ 
'  =  ^  ^       2Ci\-tJ        iU  *  rj <^> 

The  questions  of  areas  of  bands  and  centrifugal  tension  will  be 
further  considered  in  the  part  of  this  treatise  relating  to  the  BtrengtK 
of  machineiy. 

For  calculating  the  efficiency  of  hempen  ropes  used  as  bftnds  1%. 
is  unnecessary  in  such  questions  as  that  of  the  present  Article  t 
use  a  more  complex  formula  than  that  of  Eytelwein — vi^ 

D«T 

*'-' a> 

where  D  is  the  diameter  of  the  rope,  and  fi^  s  54  w.;^^. 

21 25  inches.  ^*^^Hre»  . 
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The  proj^r 


(8.) 


D'  S 

In  all  the  fonnnlsB,  -^  is  to  be  sufastitated  for  ^. 

o  o 

Yaloe  of  D'  Mr  gmoi  by  the  formula 

D»=-;; 

P 

» 

where  />'  =  looo  for  measures  in  inches  and  lbs. ;  and 

p'  s     o^  fir  measures  in  millimetres  and  kilogrammeB. 
382.  BActoMT  m€  Umkwwh.— Id  fig:  266,  let  (\  T^,  G,  T,  be  tvt* 
levers,  turning  about  parallel  axes  at  ^  and  Q^  and  coonected  with 
each  other  by  the  Mok  T^  T,;  T^  and  I^  being  the  ooraeeied  pointft 


Fig.  266. 

The  pins,  which  are  connected  with  each  other  by  means  of  tb« 
link,  are  exaggerated  in  diameter,  for  the  sake  of  distinctneflB.  Let 
C|  T|  be  the  driver,  and  Cj  Tj  the  follower,  the  motion  being  &« 
fihown  by  the  arrowa  From  the  axes  let  fall  the  perpendiculars 
Oj  P|,  Cj  Pgt  upon  the  line  of  connection.  Then  the  angukr 
velocities  of  tJie  driver  and  follower  are  inversely  as  those  perpec- 
fliculars ;  and,  in  the  absence  of  friction,  the  driving  moment  of  the 
first  lever  and  the  working  moment  of  the  second  are  directly  a; 
those  perpendiculars;  the  driving  pressure  being  exerted  along  the 
line  of  connection  T^  Tj.  Let  M^  be  the  working  moment;  and 
let  Mq  be  the  driving  moment  in  the  absence  of  friction ;  then  we 
have 


M  -^ 


Cj2j 


'2 


To  allow  fbr  the  friction  of  the  pins,  multiply  the  ndiiis  of 

pin  by  the  sine  of  the  angle  of  repose;  that  is,  very  nearly  by  the 
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co-efficient  of  friction;  and  with  the  gmall  radii  thus  computed, 
T«  A  J  and  T^  A^  draw  small  circles  about  the  connected  points. 
Tneii  draw  a  straight  line,  Q|  Aj  B|  Q,  Bj  Aj,  touching  both  the 
canall  circles,  and  in  such  a  position  as  to  represent  the  line  of 
action  of  a  force  that  resists  the  motion  of  both  pins  in  the  eyes  of 
the  link.  Tbi^i  will  be  the  line  of  action  of  the  resultant  force 
exerted  through  the  link.  Let  fall  upon  it  the  perpendiculars 
C|^  Qif  ^2  Qs'  ^^^  ^^^  ^  proportional  to  the  actual  driying 
moment  and  working  moment  respectiTelj ;  that  is  to  say,  let  M. 
be  the  driving  moment,  including  friction;  then 

Gooiparing  this  with  the  value  of  the  driving  moment  without 
firiction,  we  find  for  the  counter-efficiency 

M,      OjOjCiP/ ^^J 

and  for  the  eflbaency 

1      Mq      C,Q,-C,P, 

i  -  Mi -CjQi  •(},?,• ^^'^ 

(See  page  449.) 

383.  BflciMCT  m€  BlMka  »M  Tackto-  (See  Articles  200,  201, 
pages  214  to  216.)  —In  a  tackle  composed  of  a  fixed  and  a  running 
block  containing  sheaves  connected  together  by  means  of  a  rope,  let 
the  number  of  plies  of  rope  by  which  the  blocks  are  connected  with 
each  other  be  n.  This  is  also  the  collective  number  of  sheaves  in 
the  two  blocks  taken  together,  and  is  the  number  expressing  the 
ptcrc&OM,  when  friction  is  neglected. 

Let  c  denote  the  counter-efficiency  of  a  single  sheave,  as  depend- 
ing on  its  friction  on  the  pin,  according  to  the  principles  of  Article 
373,  page  427.  Let  <f  denote  the  counter-efficiency  of  the  rope, 
when  passing  over  a  single  sheave,  determined  by  the  principles 
of  Article    381,   the    tension  being  taken  as  nearly  equal  to 

— ;  where  B  is  the  useful  load,  or  resistance  opposed  to  the  motion 
n 

of  the  running  block.     R  -r  n  is  also  the  effort  to  be  exerted  on 

the  hauling  part  of  the  rope,  in  the  absence  of  friction.     Then  the 

counter-efficiency  of  the  tackle  will  be  expressed  approximately  by 

(c<^r; (1.) 

80  that  the  actual  or  effective  purchase,  instead  of  being  expressed 
bj  n,  will  be  expressed  by 

n  (c<0— (2.) 
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384.  BflicleBC7  sf  C*BBeeti*B  hj  iwf  •r«  FlaM. Wlien  ID  ?*. 

is  communicated  from  one  piston  to  another  by  means  of  an  iz.' 
vening  mass  of  fluid,  as  described  in  Articles  207  to  210,  T^^^  -- 
to  224,  the  efficiencies  and  counter-efficiencies  of  the  twx>  pL«*  ' 
have  in  the  first  place  to  be  taken  into  account;  -which  qnact.'. 
are  to  be  determined  by  means  of  the  principles  stated  at  f  .. 
399;  that  is  to  say,  with  ordinary  workmanship  and  packing.  : 
efficiency  of  each  piston  may  be  taken  at  0*9  nearly;  'while  "«::  < 
carefully  made  cupped  leather  collar  the  oounter'-efBciency  ci  . 
plunger  may  be  taken  at  the  following  value  :— 

^-T^ ^^» 

in  which  d  is  the  diameter  of  the  plunger;   and  b  a  const^*. 
whose  value  is  from  0*01  to  0*015  of  an  inch,  or  from   02'*  : 
0-38  of  a  millimetre.      For  if  c  be  the  circumference   of  :*« 
plunger,  and  p  the  effective  pressure  of  the  liqaid,    the  wL-  .- 

amount  of  the  pressure  on  the  plunger  is  ^-j — ;  and  the  presscrt 

required  to  overcome  the  friction  h  p  cb» 

The  efficiency  and  counter-efficiency  of  the  intervening  mass  --f 
fluid  remain  to  be  considered;  and  if  that  fluid  is  a  liquid,  an i 
may  therefore  be  regarded  as  sensibly  incompressible^  these  quas- 
tities  depend  on  the  work  which  is  lost  in  overcoming^  the  zes^ 
tance  of  the  passage  which  the  liquid  has  to  traverse. 

To  prevent  unnecessary  loss  of  work,  that  passage  shoa!] 
be  as  wide  as  possible,  and  as  nearly  as  possible  of  nniforci 
transverse  section;  and  it  should  be  free  from  sudden  enlargie- 
ments  and  contractions,  and  from  sharp  bends,  all  necessarr 
enlargements  and  contractions  which  may  be  required  being  made 
by  means  of  gradually  tapering  conoidal  parts  of  the  psasage, 
and  all  bends  by  means  of  gentle  curves.  When  those  oonditions 
are  fulfilled,  let  Q  be  the  volume  of  liquid  which  is  forced  through 
the  passage  in  a  second;  S,  the  sectional  area  of  the  paang«; 
then, 

"=1 (^) 

is  the  velocity  of  the  stream  of  fluid.     Let  b  denote  the  wetted 
border  or  circumference  of  the  passage;  then, 

'»  =  5» W 

18  what  is  called  the  hydraulic  fnean  depth  of  the  passage.    In  a 
cylindrical  pipe,  m  ==  ^  diameter.     Let  I  be  the  leng&  of  the 
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b passage,  and  to  the  heuviuess  of  the  liquid.     Then  the  loss  of 
pressure  in  overcoming  the  friction  of  the  passage  is 

^=/i.?^.         ...         .      (4N 
^       m      2g  ' ^*'' 

in  which  g  denotes  gravity,  and  /  a  co-efficient  of  friction  whose 
value,  for  water  in  cylindrical  cast-iron  pipes,  according  to  the 
experiments  of  Darcy,  is 

/=0<K)5(l+J-^);» (5.) 

d  being  the  diameter  of  the  pipe  in  feet 

Let  p  be  the  pressure  on  the  driven  or  following  piston ;  then 
the  pressure  on  the  driving  piston  is  p  -i"  p' }  and  the  counter- 
efficieney  of  the  fluid  is 

1+-^; (6.) 

p  ' 

which,  being  multiplied  by  the  product  of  the  counter-efficiencies 
of  the  two  pistons,  gives  the  counter-efficiency  of  the  intervening 
liquid. 

When  the  intervening  fluid  is  air,  there  is  a  loss  of  work 
through  friction  of  the  passage,  depending  on  principles  similar  to 
those  of  the  friction  of  liquids;  and  there  is  a  further  loss  through 
the  escape  by  conduction  of  the  heat  produced  by  the  compression 
of  the  air. 

The  friction  which  has  to  be  overcome  by  the  air,  and  which 
causes  a  certain  loss  of  pressure  between  the  compressing  pumps 
and  the  working  machinery,  consists  of  two  parts,  one  occasioned 
>)y  the  resistance  of  the  valves,  and  the  other  by  the  friction  along 
the  internal  surface  of  pipes. 

To  overcome  the  resistance  of  valves,  about  flve  per  cent,  of  the 
effective  pressure  may  be  allowed. 

The  friction  in  the  pipes  depends  on  their  length  and  diameter, 
and  on  the  velocity  of  the  current  of  air  through  them.  It  is 
neariy  proportional  to  the  square  of  the  velocity  of  the  air. 

A  velocity  of  about  forty  feet  per  second  for  the  air  in  its  com- 
pressed state  has  been  found  to  answer  in  practice.  The  diameter 
of  pipe  required  in  order  to  give  that  velocity  can  easily  be  com- 
puted, when  the  dimensions  of  the  cylinders  of  the  machinery  to  be 
driven,  and  the  number  of  strokes  per  minute,  are  £^ven. 

When  the  diameter  of  a  pipe  is  so  adjusted  that  the  velocity  of 
the  air  is  40  feet  per  seoondy  the  pressure  expended  in  overcoming 

1  25*4 

*  When  the  diameter  is  expreised  in  miUim^trei,  for  r^^  sabstitate  --r-. 
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its  friction  maj  be  estimated  at  tms  per  tmtt  of  Cfte  Mnl  or  cAmsivt'' 
preaswre  of  the  air^for  eoeryfive  hufoidni  diaimttan  vf  the  pipe  thai 

its  length  contains. 

Although  the  abstraction  from  the  air  of  the  heat  prod uoed  hy 
the  compression  involves  a  certain  sacriBce  of  motive  pcwer  (j^iy 
from  30  to  35  per  cent.)  still  the  effects  of  the  heated  air  are  so 
inconvenient  in  practice,  that  it  is  desirable  to  oool  it  to  a  certain 
extent  during  or  immediately  after  the  compression.     This  maj  be 
effected  by  injecting  water  in  the  form  of  spray  into  the  com- 
pressing pumps;  and  for  that  purpose  a  small  forcing  pump  of 
about  T^uth  of  the  capacity  of  the  compressing  pumps  has  been 
found  to  answer  in  practice.     The  air  may  be  thus  cooled  doim  to 
about  104*^  Fahr.  or  40°  Cent 

The  factor  in  the  counter-efficiency  due  to  the  loss  of  heat 
expresses  the  ratio  in  which  the  volume  of  air  as  discharged  from 
the  compressing  pump  at  a  high  temperature  is  greater  than  the 
volume  of  the  same  air  when  it  reaches  the  working  machinery  at 
a  reduced  temperature;  which  ratio  may  be  calculated  apprc»xi- 
mately  by  taking  ttoo-sevenths  of  the  logarithm  of  the  aisoluU 
tvorking  pressure  of  the  compressed  air  in  atmospheres^  and  finding 
the  corresponding  naiural  number.  That  is  to  say,  let  p,  denote 
one  atmosphere  (=  at  the  level  of  the  sea  14*7  lbs.  on  the  square 
inch,  or  10333  kilogrammes  on  the  square  m^tre);  let  />i  be  the 
absolute  working  pressure  of  the  air,  so  that  p^  —  p^yA  the  eflEective 
pressure;  then  the  counter-efficiency  due  to  the  escape  of  heat  i^ 


(7.) 


From  examples  of  the  practical  working  of  eompreased  air, 
when  used  to  transmit  motive  power  to  long  distances,  it  appears 
that  in  order  to  provide  for  leakage  and  various  other  imperfec- 
tions in  working,  the  capacity  of  the  compressing  pumps  should  be 
very  nearly  double  of  the  net  volume  of  unoompref»ed  air  reqnired ; 
and  it  has  also  been  found  necessary,  in  working  the  compressing 
pumps,  to  provide  from  three  to  four  times  the  power  of  the 
machinery  driven  by  the  compressed  air. 


Addehdux  to  Articli  343,  Paos  3M. 

'WLmmsmrf  DTaaaMMctcn  —  Kplcycllc  - Tmla  •  PyaMi«wtagg. — ^Tbe 
term  of  ''  epicyclic-train  dynamometers'*  may  be  applied  to  those 
instruments  in  which  the  power  to  be  measured  is  transmitted 
through  an  epicyclic  train,  and  the  effort  exerted  is  measured  by 
means  of  the  force  i*equired  to  hold  the  train-arm  at  rest  In 
'"^-•^«?'8  dynamometer,  for  example,  there  is  a  train  of  wheel-worfc 


DTNAMOMETIEBS^PULLETS — ^TILODTHAMIO  TRANSMISSION.       447 

of  vhich  die  principle  (though  not  the  details)  is  mflteiently  well 
represented  by  fig.  176,  page  245.  The  beTel^wiieel  B  is  driven 
by  the  prime  mover;  and  through  the  bevel- wheeib  (or  bevel-wheel, 
there  being  usually  only  one)  carried  by  the  arm  A,  it  drires  the 
bevel-vheel  C,  which  drives  the  working  machiBeiy.  Hie  train- 
arm  A  is  kept  steady  by  a  weight,  or  by  a  spring;  and  it  la  obvious 
that  the  moment  of  that  force  relatively  to  tin  eenoKni  axis  of 
rotation  of  B,  C,  and  A,  must  be  double  of  tbe  aswawt  trans- 
mitted from  B  to  C;  which  latter  moment — ^at  is,  half  the 
moment  of  the  wei^t  or  spring  that  holds  A  steady,  being 
multiplied  by  2  v  x  the  number  of  turns  in  a  given  time,  gives 
the  work  done  in  that  time.  This  apparatiM  vsay  be  made  to 
record  its  results  on  a  travelling  strip  of  paper,  like  stiwr  Jdnds  of 
dynamometenu 

Addenda  to  Article  381,  Page  440. 

I.  On  sT  WniifrTi^  ■■nti  »twt«i  PaUf^fa. — ^Wban  a  pair  of 
pulleys  connected  with  each  other  by  means  of  «  band  are  near 
together,  the  bearings  of  their  shafts  may  be  niieved  from  the 
pressure  due  to  the  tension  of  the  band  by  placing  between  the 
pulleys  a  smooth  idle  wheel  or  roller,  turning  in  rolling  contact 
with  them  both.  The  axis  of  rotation  of  the  roller  shovdd  be  in 
the  same  plane  with  those  of  the  pulleys;  and  two  out  of  the  tiiree 
shafts  should  have  their  bearings  so  fitted  up  as  to  be  capable  of  a 
small  extent  of  motion  in  a  direction  perpendicular  to  the  axes  of 
rotation,  in  order  that  the  distances  of  those  axes  from  each  other 
may  adjust  themselves  when  the  band  is  tightened,  and  that  the 
tension  of  the  band  and  the  pressure  transmitted  through  the  roller 
may  balanoe  each  other  without  the  aid  of  pisMiirra  at  the 
bearingSL 

II.  BfllciMicy  mi  T^Mtfmmmim  Tt— — toUia,  The  phrase  "  Telo- 
dynamic  Transmission"  is  used  to  denote  Mr.  C.  F.  Him's  method 
of  transmitting  motive  power  to  long  distances  by  means  of  an 
endless  wire  rope,  connecting  a  pair  of  large  pulleys,  and  moving 
at  a  high  speed.  The  pulleys  are  made  of  cast  iron;  and  each  of 
them  has  at  the  bottom  of  its  groove  a  dovetail-shaped  recess  filled 
with  gutta-percha,  which  is  driven  in  and  rammed  tight  by  means 
of  a  maUet;  the  wire  rope  bears  against  the  gutta-percha  bottom 
of  the  groove ;  and  this  is  found  both  to  transmit  an  effort  better, 
and  to  ensure  greater  durability  of  the  rope  and  pulleys,  than 
when  the  rope  bears  against  a  cast-iron  surfacei 

The  ordinary  vpeed  of  the  rope  is  from  50  to  80  feet  per  second; 
and  with  wronght-iron  pulleys,  it  is  considered  that  it  might  be 
increased  to  100  feet  per  second.  The  effort  to  be  transmitted. is 
calculated  from  the  power  to  be  tnmsmitted,  by  aspremuig  that 
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power  in  units  of  work  per  second,  and  dividing  by  the  spev i 
The  available  tensions  at  the  driving  and  returning  sides  of  tlr 
rope  are  calculated  by  the  rules  of  Article  310  a,  page  351  ;  va 
practice  it  is  considered  sufficiently  accurate  to  make  the  fonc'^ 
twice,  and  the  latter  once,  the  effort  to  be  transmitted.  To  each  f 
those  tensions  is  to  be  added  the  centrifugal  tensioa  (see  Arti<  • 
381,  page  441)  in  order  to  obtain  the  total  tensions.  The  trai:- 
vei'se  dimensions  of  the  rope  are  adapted  to  the  total  tension  at  th^ 
driving  side  of  the  rope,  by  the  application  of  rules  to  be  given  i:. 
the  Part  of  this  Treatise  relating  to  strength. 

In  order  that  the  rope  may  not  be  ovei-strained  by  the  bendi*. : 
of  the  wires  of  which  it  consists,  in  passing  round  the  driving  &l  . 
following  pulleys,  the  diameter  of  each  of  those  pulleys  should  l: 
be  less  than  140  times  the  diameter  of  the  rope,  and  is  sometiui  - 
as  much  as  260  times. 

The  distance  between  the  driving  and  following  pulleys  is  l ^ 
made  less  than  about  100  feet;  for  at  less  distances  shafting  :- 
more  efficient;  nor  is  it  made  more  than  500  feet  in  one  sp.-.r.. 
because  of  the  gi*eat  depth  of  the  catenary  curves  in  'which  xl-. 
ix>pe  hangs.  When  the  distance  between  the  driving  and  follow- 
ing pulleys  exceeds  500  feet,  the  rope  is  supi)orted  at  intemiedir'. 
I)oints  by  pairs  of  bearing  pulleys,  so  as  to  divide  the  'whole  u;^- 
tance  into  intervals  of  500  feet  or  less. 

The  bearing  pulleys  are  constructed  in  the  same  way  with  tLe 
driving  and  following  pulleys,  and  of  about  half  the  diameter. 

The  loss  of  work  due  to  the  stiffness  of  the  rope  may  be  regarilr-i 
as  insensible;  because  when  the  diameters  of  the  pulleys  h:v 
sufficient,  the  wires  of  which  the  rope  is  made  straighten  then;- 
selves  by  their  own  elasticity  after  having  been  bent. 

It  has  been  found  by  practical  experience  that  the  losses  ^-^f 
|X)wer  in  this  apparatus  are  nearly  as  follows,  in  fractions  of  tic 
whole  power  transmitted : — 

Overcoming  the  axle-friction  of  the  driving  and 
following  pulleys,  about  iv,  or 0*0250 

Overcoming  the  axle-friction  of  each  pair  of  bear- 
ing pulleys,  about  iriTy  or 0001 1 

Hence  the  efficiency  of  telodynamic  tranamissiou  may  be 
estimated  at 

N  being  the  number  of  pairs  of  intermediate  bearing  polleya.* 

*  For  detailed  information  on  the  sabjeet  of  Telodjrnamie  Tnnsminioo, 
->ee  the  following  aathoritiet.-^ii^ofioe  but  la  TVoMmtMicm  Tetod^nami^tu, 
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Addekduh  to  Article  382^  Page  442. 

E«Bct  sf  oui^Bity  sf  m  c«mcctiB«-B«d  •■  FricUsB. — ^The  alter- 
nate throat  and  tension  along  the  connecting-rod  is  almost  always 
an  important  component,  and  sometimes  the  most  important  com- 
ponent, of  the  force  whidi  is  balanced  by  the  pressure  of  the  bear- 
ings of  a  crank-shaft ;  and  the  lateral  component  of  that  alternate 
thrust  and  tension  is  the  cause  of  the  friction  of  the  guides  by 
'which  the  head  of  the  piston-rod  is  made  to  move  in  a  straight 
line,  when  there  is  no  parallel  motion. 

The  direction  of  the  connecting-rod  is  continually  changing 
between  certain  limits ;  and  this  causes  a  continual  change  in  the 
ratio  borne  by  the  whole  force  exerted  along  that  rod^  and  by  its 
lateral  component,  to  its  direct  component 

Let  r  be  the  crank-arm,  e  the  length  of  the  connecting-rod;  then 
the  mean  value  of  the  ratio  which  the  lateral  component  baua  to 
the  direct  component  is  very  nearly  as  follows :— 

Q_^_07854r_. 

p-  ^  (c*- 0-617  f«)' ^^ 

and  if  y*be  the  co-efficient  of  friction  of  the  guides,  the  counter- 
efficienqr  of  the  piston-rod  head  will  be  nearly 

c  =  1  +-^^. (3.) 

The  mean  ratio  borne  by  the  total  force  (T)  exerted  along  the 
connecting-rod  to  its  direct  component  (P)  is  nearly  as  follows : — 

P""   ^(c«- 0-617  r«)' ^  ^^ 

and  the  axle-friction  of  the  crank-shaft  is  increased  nearly  in  that 
ratio,  beyond  what  it  would  be  if  the  obliquity  of  the  connecting- 
rod  were  insensible.* 

par  C.  F.  Hirn  (Colmsr,  1882).  Renleaoz,  CotutructhnsUhre  far  Mas' 
chinenbau  (BnanMhweig,  1854  to  1862),  »  324  to  842. 

*  The  exact  solution  of  thete  qnettions  it  given  by  the  aid  of  elliptic 
functiona ;  but  lor  practical  purposes  the  approximate  aolntioii  in  the  taxi 
ia  anffidantk 


So 


PART  IIL 

MATERIALS,  CONSTRUCTION,   AND  STRENGTH  OF 

MACHINERY. 


CHAPTER  L 

OF  UATEHIAUS  USED  Df  XACHINSRT. 

385.  OMcnl  KxFiuiatisM. — ^The  materials  used  in  maclb^ 
are  of  two  principal  kinds — inorganic  and  organia 

The  inorganic  materials  consist  almost  wholly  of  metals;  t 
although  stony  and  earthy  materials  occur  in  the  fouDdati-L^ 
fixed   machines,   and  in   houses  which  contain   machinery,  ^-^ 
are  little  used  in  machinery  itself. 

The  organic  materials  consist  chiefly  of  wood,  of  vegetable  s- 
animal  fibre  in  the  form  of  ropes  and  bands,  and  of  indian  r^ ' 
and  gutta  percha,  and  a  few  miscellaneous  substances. 

The  present  chapter  gives  a  summary  of  those  propertit- 
materials  upon   which  their    use    in    machinery    and  mil^^ 
depends;  and  it  is  necessarily  to  a  great  extent  ideutical  « 
those  parts  of  A  MantuU  of  Civil  Engineering  which  treat  ui  - 
flame  materials. 

Section  I. — Of  Iron  and  Sied. 

38^.  KiMdto  9tWwm  aadl  Bicel. — ^The  metallic  products  of  tbe :' ' 
manufacture  are  of  three  principal  kinds — malleable  iitm,  c^ ''  ' 
and  steel.    Malleable  iron  is  pure  or  nearly  pure  iron.    Cast  ir^'^  ^ 
a  granular  and  crystalline  compound  of  iron  and  carbon,  ^aor^ .' 
less  mixed  with  unoombined  carbon  in  the  form  of  plumbag^^ 
is  harder  then  pare  iron,  more  brittle,  and  less  tongh.    Ste^\^ 
compound  of  iron  with  less  carbon  than  there  is  in  cast  iron;  \'' 
harder  than  cast  iron,  and  tougher  than  wrought  iron,  though  - 
ductile;  and  it  is  the  strongest  of  all  known  substances  p^ 
dimensions.     It  is  also  the  strongest  of  all  metals  /or  i^  ^\  , 
but  in  the  comparison  of  tenacity  with  weight,  steel  and  <^  ^' 
are  exceeded  by  many  kinds  of  organic  fibre.     There  ^^  ^'i 
intermediate  giadations  between  pure  iron  and  the  hardest  J^'- 
flome  of  which  are  known  by  such  names  as  ''steely  iroi^    * 
'  «emi-8teeL" 
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387.  laiF"'MM«f  iMB^— The  streDgtb  and  other  good  qnalities 
of  iron  and  steel  depend  mainlj  on  the  absence  of  impurities,  and 
especially  of  solphur,  phosphoros,  silicon,  calcium,  and  magnesium. 

Sulphur  and  calcium,  and  probably  also  magnesium,  make  iron 
^^red-ahari"  that  is,  brittle  at  a  red  heat;  phosphorus  and  silicon 
make  it  " cold-short"  that  is,  brittle  at  low  temperatures.  These 
are  both  serious  defects;  but  the  latter  is  the  worse. 

Stdphur  comes  in  general  from  coal  or  coke  used  as  fuel.  Its 
pernicious  effects  can  be  avoided  altogether  by  using  fuel  which 
contains  no  sulphur;  and  hence  the  strongest  and  toughest  of  all 
iron  is  that  which  is  smelted,  reduced,  and  puddled  either  with 
charcoal,  or  with  coke  that  is  free  from  sulphur. 

Fhoiphorut  comes  in  most  cases  from  phosphate  of  iron  in  the 
ore,  or  from  phosphate  of  lime  in  the  ore,  the  fuel,  or  the  flux.  The 
ores  which  contain  most  phosphorus  are  those  found  in  strata 
where  animal  remains  abound. 

Calcium  and  Silicon  are  derived  respectively  from  the  decom- 

r'tion  of  lime  and  of  silica  by  the  chemical  affinity  of  carbon 
their  oxygen.  The  only  iron  which  is  entirely  free  from  those 
impurities  is  that  which  is  made  by  the  reduction  of  ores  that 
contain  neither  silica  nor  lime :  such  as  pure  magnetic  iron  ore^ 
pure  hflematite,  and  pure  sparry  iron  ore. 

388.  Cmm  Mwmm  is  the  product  of  the  process  of  smdling  iron 
ores.  In  that  process  the  ore  in  fragments,  mixed  with  fuel  and 
with  flux  (that  is  to  say,  with  a  substance  such  as  lime,  which 
tends  to  combine  with  the  earthy  constituents  of  the  ore),  is 
subjected  to  an  intense  heat  in  a  blast-furnace,  and  the  products 
are  dag^  or  glassy  matter  formed  by  the  combination  of  the  flux 
with  the  earthy  ingredients  of  the  ore,  and  pig  irony  which  is  a 
compound  of  iron  and  carbon,  either  unmixed,  or  mixed  with  a 
small  quantity  of  uncombined  carbon  in  a  state  of  plumbaga 

The  ore  is  often  roatted  or  calcined  before  being  smelted,  in 
order  to  expel  carbonic  acid  and  water. 

The  total  quantity  of  carbon  in  pig  iron  ranges  from  two  to  five 
per  cent  of  its  weight 

Different  kinds  of  pig  iron  are  produced  from  the  same  ore  in 
the  same  furnace  under  different  circumstances  as  to  temperature 
and  quantity  of  fuel.     A  high  temperature  and  a  large  quantity  of 
fuel  produce  gray  cati  iron,  which  is  further  distinguished  into 
No.  1,  No.  2,  No.  3,  and  so  on;  No.  1  being  that  produced  at  the 
highest  temperature.     A  low  temperature  and  a  deficiency  of  fuel 
produce  whiUe  east  iron.     Gray  cast  iron  is  of  different  shades  of 
bluish-gray  in  colour,  granular  in  texture,  softer  and  more  easily 
fusible  than  white  cast  iron.     White  cast  iron  is  silvery  white, 
either  granular  or  ciystalline,  comparatively  diflScult  to  melt^ 
britUe,  and  excessively  hard. 
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It  appears  that  the  diJOferenoes  between  those  kinds  of  iron 
depend  not  so  much  on  the  total  quantities  of  carbon  which  thej 
contain  as  on  the  proportions  of  that  carbon  which  are  re8pe^ 
tively  in  the  conditions  of  mixture  and  of  chemical  combinatioa 
with  the  iron.  Thus,  gray  cast  iron  contains  one  per  cent,  and 
sometimes  less,  of  carbon  in  chemical  combination  with  the  iivo. 
and  from  one  to  three  or  /our  per  cent,  of  carbon  in  the  state  d 
plumbago  in  mechanical  mixture ;  while  white  cast  iron  is  a  hoioo' 
geneous  chemical  compound  of  iron  with  from  two  to  four  percent 
of  carbon.  Ot  the  different  kinds  of  gray  cast  iron,  No.  1  coDtaius 
the  greatest  proportion  of  plumbago,  Na  2  the  next,  and  so  on. 

There  are  two  kinds  of  white  cast  iron,  the  ffranular  and  tbf 
erytiaUme.  The  granular  kind  can  be  converted  into  gray  a< 
iron  by  fusion  and  slow  cooling ;  and  gray  cast  iron  can  be  ooc- 
verted  into  granular  white  cast  iron  by  fusion  and  sadden  ooolinc 
This  takes  place  most  readily  in  the  best  iron.  Crystalline  ▼kit' 
cast  iron  is  harder  and  more  brittle  than  granular,  and  is  v^' 
capable  of  conversion  into  gray  cast  iron  by  fusion  and  sIot 
cooling.  Gray  cast  iron,  No.  1,  is  the  most  easily  fusible,  u^ 
produces  the  finest  and  most  accurate  castings;  but  it  is  deficieat 
in  hardness  and  strength;  and  therefore,  although  it  is  the  best 
for  castings  of  moderate  size,  in  which  accuracy  is  of  more  impor- 
tance than  strength  and  stiffness,  it  is  inferior  to  the  harder  as- 
stronger  kinds.  No.  2  and  No.  3,  for  pieces  requiring  great  strenf^ 
and  stifinesB. 

The  presence  of  plumbago  renders  cast  iron  comparatively  veii 
and  pliable,  so  that  the  order  of  strength  and  stiffness  amocx 
different  kinds  of  cast  iron  from  the  same  ore  and  fuel  is  as  fo^ 
lows:— 

Granular  white  cast  iron. 
Gray  cast  iron,  No.  3. 

»>        i>        Na  2. 
„        „        Na  1. 

Ciystalline  white  cast  iron  is  not  introduced  into  this  classifica- 
tion because  its  extreme  brittleness  makes  it  unfit  for  use  u 
machinery. 

Granular  white  cast  iron,  also,  although  stronger  and  hankr 
than  gray  cast  iron,  is  too  brittle  to  be  a  safe  material  for  tbt 
entire  mass  of  any  piece  in  a  machine  that  is  exposed  to  shocb 
but  it  is  used  to  form  a  hard  and  impenetrable  scm  to  a  piece  o' 
gray  cast  iron  by  the  process  called  chiUing.  This  consists  ic 
lining  the  portion  of  the  mould,  where  a  hardened  sur&oe  is  re- 
quired, with  suitably-shaped  pieces  of  iron.  The  melted  metal,  ('^ 
being  ran  in,  ia  cooled  and  solidified  suddenly  where  it  touches  tb'' 
"^Id  iron;  and  for  a  certain  depth  from  the  chilled  surface;,  varyic^ 
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from  |th  to  ^-inch  in  different  kinds  of  iron,  it  takes  the  white 
granu£ir  condition,  while  the  remainder  of  the  casting  takes  the 
gray  condition. 

Even  in  castings  which  are  not  chilled  hj  an  iron  lining  to  the 
moald,  the  outermost  layer,  being  cooled  more  rapidly  than  the 
interior,  approaches  more  nearly  to  the  white  condition,  and  forms 
a  skifif  harder  and  stronger  than  the  rest  of  the  casting. 

A  strong  kind  of  cast  iron  called  toughened  east  irony  is  pro- 
duced by  the  process  invented  by  Mr.  Merries  Stirling,  of  adding 
to  the  cast  iron,  and  melting  amongst  it,  from  one-fourth  to  one- 
seventh  of  its  weight  of  wrought-iron  scrap. 

Malleable  Caet  Iron  is  made  by  the  following  process: — The 
castings  to  be  made  malleable  are  imbedded  in  the  powder  of  red 
haematite  (which  consists  almost  wholly  of  peroxide  of  iron) ;  they 
are  then  raised  to  a  bright  red  heat  (which  occupies  about  24 
hours),  maintained  at  that  heat  for  a  period  varying  from  three  to 
five  days,  according  to  the  size  of  the  oisting,  and  allowed  to  cool 
(which  occupies  about  24  hours  more).  The  oxygen  of  the  hema- 
tite extracts  part  of  the  carbon  from  the  cast  iron,  which  is  thus 
converted  into  a  sort  of  soft  steel ;  and  its  tenacity  (according  to 
experiments  by  Messrs.  A.  More  k  Bon)  becomes  about  three  times 
that  of  the  original  cast  iron. 

389.  The  flcmicili  sf  Caat  Imb  of  every  kind,  like  that  of 
granular  substances  in  general,  is  marked  by  two  properties :  the 
smallness  of  the  tenacity  (which  is  on  an  average  about  16,000  or 
18,000  lbs.  on  the  square  inch)  as  compared  with  the  resistance  to 
crushing  (which  ranges  from  80,000  to  110,000),  and  the  different 
values  of  the  stress  immediately  before  rupture  of  the  same  kind  of 
iron  in  bars  torn  directly  asunder,  and  in  beams  of  different  forms 
when  broken  across. 

For  the  results  of  experiments  on  the  strength  of  various  kinds 
of  cast  iron,  see  the  tables  of  the  following  chapter. 

The  strength  of  cast  iron  to  resist  cross  breaking  was  found 
by  Mr.  Fairbaim  to  be  increased  by  repeated  meUinge  up  to  the 
twdfthf  when  it  was  greater  than  at  first  in  the  ratio  of  7  to  5  nearly. 
After  the  twelfth  melting  that  sort  of  strength  rapidly  fell  off. 

The  resistance  to  crushing  went  on  increasing  after  each  succes- 
sive melting;  and  after  the  eighteenth  melting  it  was  double  of  its 
original  amount,  the  iron  becoming  silvery  white  and  intensely 
hard. 

The  transverse  strength  of  No.  3  cast  iron  was  found  by  Mr. 
Fairbaim  not  to  be  diminished  by  raising  its  temperature  to  600^ 
Fahr.  (being  about  the  temperature  of  melting  lead).  At  a  red 
heat  its  strength  fell  to  two-thirds. 

390.  c«ii»gi  for  AiachiBcrr* — The  best  course  for  an  en£^neer 
to  take,  in  order  to  obtain  cast  iron  of  a  certain  strength^  is  not  to 
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specify  to  the  founder  any  particular  kind  or  mixture  of  pig  ir^n. 
but  to  sj)ecify  a  certain  minimum  strength  which  the  iron  shou.; 
show  when  tested  by  experiment 

As  to  the  appearance  of  good  iron  for  castings^  it  should  ha^ 
on  the  outer  surface  a  smooth,  clear,  and  continuous  skin,  wi* . 
regular  &ces  and  sharp  anglea  When  broken,  the  surface  <: 
fracture  should  be  of  a  light  bluish-gray  colour  and  dose-gr&inr 
texture,  with  considerable  metallic  lustre;  both  colour  and  textur- 
should  be  uniform,  except  that  near  the  skin  the  colour  may  ^'^ 
somewhat  lighter  and  the  grain  closer;  if  the  fractured  suHace  > 
rnoUled,  either  with  patches  of  darker  or  lighter  iron,  or  'with  cryr  i- 
line  spots,  the  casting  will  be  unsafe;  and  it  will  be  still  more  un.^i:: 
if  it  contains  air-bubbles.  The  iron  should  be  soft  enough  to  '"- 
slightly  indented  by  a  blow  of  a  hammer  ou  an  edge  of  the  castii:.* 
When  cut  by  tools  of  different  kinds,  the  iron  should  show  i 
.smooth,  compact,  and  bright  sur&ce,  free  from  bubbles  and  oth^r 
irregularities,  of  an  uniform  colour,  and  capable  of  taking^  a  go  -^ 
polish. 

Castings  are  tested  for  air-bubbles  by  ringing  them  with  a 
hammer  all  over  the  surface. 

Cast  iron,  like  many  other  substanoea,  when  at  or  near  t'^r 
temperature  of  fusion,  is  a  little  more  bulky  for  the  same  weid  '■ 
in  the  solid  than  in  the  liquid  state,  as  is  shown  by  the  solid  ir.'L 
floating  on  the  melted  iron.  This  causes  the  iron  as  it  solidifies  t 
fill  all  parts  of  the  mould  completely,  and  to  take  a  sharp  alI 
accurate  figure.  The  solid  iron  contracts  in  cooling  from  t^- 
melting  point  down  to  the  temperature  of  the  atmosphere,  U 
about  one  per  cent  in  each  of  its  linear  dimensions, or  one-tig'''' 
of  an  inch  in  a  foot  nearly;  and  therefore  patterns  for  castiaj- 
are  made  larger  in  that  proportion  than  the  intended  pieces  <.:' 
•cast  iron  which  they  represent 

The  rate  of  linear  expansion  of  cast  iron  between  the  tne£i^ 
and  boiling  points  of  water  is  about  *ooi  1 1. 

A  convenient  instrument  in  making  patterns  for  castings  is  i 
eonlraction-rule ;  that  is,  a  rule  on  which  each  division  is  lon^'  r 
in  the  proportion  already  mentioned  than  the  true  length  to  whii  1- 
it  corresponds. 

In  designing  patterns  for  castings,  care  must  be  taken  to  avoii 
all  abrupt  variations  in  the  thickness  of  metal,  lest  parts  of 
the  casting  near  each  other  should  be  caused  to  cool  and  oontrao: 
with  unequal  rapidity,  and  so  to  split  asunder  or  overstrain  the 
iron.  It  is  advantageous  also  that  castings,  especially  those  for 
moving  pieces  in  machinery,  such  as  wheels,  should  be  of  srin- 
metrical  figures,  or  as  nearly  so  as  is  consistent  with  their  purposes 
in  order  that  they  may  have  no  tendency  to  become  distorted  while 
cooling. 
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Iron  beoomea  more  compact  and  sound  by  being  cast  under 
pressure;  and  hence  cast-iron  cylinders,  pipes,  columns,  shafts^ 
and  the  like,  are  stronger  when  cast  in  a  vertical  than  in  a 
horizontal  position,  and  stronger  still  when  provided  with  a  hetud^ 
or  additional  column  of  iron,  whose  weight  serves  to  compress  the 
mass  of  iron  in  the  mould  below  it.  The  air-bubbles  ascend  and 
collect  in  the  head,  which  is  broken  off  when  the  casting  is  cooL 

Care  should  be  taken  not  to  cut  or  remove  the  skin  of  a  pieoe 
of  cast  iron  more  than  is  absolutely  necessary,  at  those  points 
where  the  stress  is  intense.  In  order  that  this  rule  may  be  carried 
out  in  pieces  (such  as  toothed  wheels)  which  are  shaped  to  aa 
accurate  figure  by  cutting  or  abrading  tools,  care  should  be  taken  to 
make  them  as  nearly  as  practicable  of  the  true  figure  by  casting 
alone,  so  that  the  depth  of  skin  to  be  cut  away  may  be  as  smaU 
as  possible. 

391.  Tnri«afci  mt  MrflgaMa  Ivmi  in  its  perfect  condition  is  sim- 
ply pure  iron.  It  falls  short  of  that  perfect  condition  to  a  greater 
or  less  extent  owing  to  the  presence  of  impurities,  of  which  the 
most  common  and  injurious  have  been  mentioned,  and  their  effects 
stated,  in  Article  3b7,  page  451 ;  and  its  strength  is  in  general 
greater  or  less  according  to  the  greater  or  less  purity  of  the  ore 
and  fuel  employed  in  its  manufacture. 

Malleable  iron  may  be  made  either  by  direct  reduction  of  the 
ore  or  by  the  abstraction  of  the  carbon  and  various  impurities 
from  pig  iron,  mainly  by  means  of  oxygen.  The  latter  is  the 
more  common  process ;  and  the  ordinary  method  of  carrying  it  on, 
by  stirring  the  iron  in  a  reverberatory  furnace,  is  called  puddling, 
llie  oxygen  which  carries  off  the  carbon  in  the  process  of  puddling 
comes  partly  from  the  air  and  partly  from  a  bed  of  cinder  and 
oxide  of  iron,  called  Xh»/Ming^  with  which  the  bottom  of  the 
furnace  is  covered.  The  bloom,  or  lump  of  iron  drawn  from  the 
puddling  furnace,  is  hammered,  to  drive  out  the  cinder  with  which 
it  is  mixed — a  compound  of  silica  and  protoxide  of  iron;  it  is  then 
rolled  into  bars,  which  are  cut  into  lengths,  fiigotted  into  bundles, 
re-heated,  and  re-roUed,  until  bars  are  obtained  of  the  required 
dimensiona  The  fhtofUM  structure  of  bar  iron  is  owing  to  the 
process  of  fagotting  and  rolling,  by  which  it  is  made.  In  Mr. 
Besaemer^s  process  a  blast  of  air  is  blown  through  the  molten 
iron,  in  a  large  vessel  or  retort,  until  the  carbon  and  silicon  are 
oxidized  and  removed. 

Strength  and  toughness  in  bar  iron  are  indicated  by  a  fine, 
dose,  and  uniform  fibrous  structure,  free  from  all  appearance  of 
crystallisation,  with  a  clear,  bluish-gray  colour  and  silky  lustre 
on  a  torn  surface  where  the  fibres  are  shown. 

FlaU  tron  of  the  best  kind  consists  of  alternate  layers  of  fibres 
crossing  each  other.    It  should  have  a  hard,  smooth  akin,  some* 
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what  glossy,  and  when  broken,  should  show  perfect  tinifbrinitj  of 
fltmctare,  and  be  free  from  all  tendency  to  split  into  layers. 

To  examine  the  internal  structure  of  iron,  whether  in  bars  or 
in  plates,  a  short  piece  may  be  notched  on  one  side,  near  the 
middle,  and  bent  double.  During  this  process  the  uncut  put 
should  not  break ;  and  if  the  iron  gives  way  at  all,  it  should  (b 
so  by  splitting  along  the  fibres  near  the  bottom  of  the  notch. 
The  fitness  of  bar  iron  for  structures,  machines,  and  smitliwork 
of  different  kinds,  is  tested  by  bending  and  punching  it  cold,  ao^ 
by  punching  and  forging  it  hot,  so  as  to  ascertain  whether  it  shovs 
any  signs  of  brittleness  either  when  cold  or  when  hot  (caikd 
«  cold-short"  and  "  red-short").* 

Malleable  iron  is  distinguished  by  the  proper^  of  welding  :  tvo 
pieces,  if  raised  nearly  to  a  white  heat,  and  pressed  or  hanunerei 
firmly  together,  adhering  so  as  to  form  one  piece.  In  all  open- 
tions  of  which  welding  forms  a  part^  such  as  rolling  and  foigin;. 
it  is  essential  that  the  sur&tces  to  be  welded  should  be  broagbi 
into  close  contact,  and  should  be  perfectly  dean  and  free  Dm 
oxide  of  iron,  cinder,  and  all  foreign  matter. 

In  all  cases  in  which  several  bars  are  to  be  fagotted  and  has- 
mered,  or  rolled  into  one,  attention  should  be  paid  to  the 
in  which  they  are  "  piled"  or  built  together,  so  that  the 
exerted  by  the  hammer  or  the  rollers  may  be  transmitted  throo^- 
the  whole  mass.  If  this  be  neglected,  Uie  finished  bar,  plate^  ^r 
other  piece,  may  show  flaws,  marking  the  divisions  between  xht 
bars  of  the  pile. 

Wrought  iron,  although  it  is  at  first  made  more  oonapact  aci 
strong  by  reheating  and  hammering,  or  otherwise  working  it»  scxz 
reaches  a  state  of  maximum  strength;  after  which  all  xeheadoc 
and  working  rapidly  make  it  weaker.  €k>od  bar  iron  has  in  gec- 
eral  attained  its  maximum  strength ;  and,  therefore,  in  all  open- 
tions  of  forging  it,  whether  on  a  great  or  small  scale,  by  the 
steam-hammer  or  by  that  in  the  hand  of  the  blacksniith,  ih. 
desired  size  and  figure  ought  to  be  given  with  the  least  possiblf 
amount  of  reheating  and  working. 

It  is  of  great  importance  to  the  strength  of  all  pieces  of  forge-i 
iron  that  the  continuity  of  the  fibres  near  the  surface  should  be  a.* 
little  interrupted  as  possible;  in  other  words,  that  the  fibres  nor 
the  surface  should  lie  in  kyers  parallel  to  the  surfacct 

*  For  fall  information  as  to  the  tests  to  which  iron  and  steel  are  sobjeeied 
by  the  Admiralty  rmlations,  reference  may  be  made  to  Chapter  xviiL  of  xU 
TreatUe  on  Shxpbvming^  by  K  J.  Reed,  Esq.,  C.B.,  Chief  Constructor  of  tb- 
Boval  Navy. 

T  On  this  subject^  see  a  P^>er  by  the  Author  of  this  work,  in  the  /Vo<w''> 
ing9  <^tht  InsiUution  qf  Civil  Engineers  for  1843.  See  also  the  TVamaaeik^ 
^ihe  Imiiiutian  qf  Engineers  m  Scotland  for  1862-63»  pages  37,  41» 
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Another  important  principle  in  designing  pieces  of  forged  iron 
which  are  to  sustain  shocks  and  vibrations,  is  to  avoid  as  much  as 
possible  abrupt  variations  of  dimensions,  and  angular  figures^ 
especially  those  with  re-entering  angles;  for  at  the  points  where 
such  abinipt  variations  and  angles  occur,  fractures  are  apt  to 
commence.  If  two  parts  of  a  shaft,  for  example,  or  of  a  beam 
exposed  to  shocks  and  vibrations,  are  to  be  of  different  thicknesses, 
they  should  be  connected  by  means  of  curved  surfaces,  so  that  the 
change  of  thickness  may  take  place  gradually,  and  without  re- 
entering angle& 

392.  0ic€i  ■■<  scecir  Mrmm, — Steel  is  a  compound  of  iron  with 
from  0*5  to  1*5  per  cent,  of  its  weight  of  carbon.  These,  according 
to  most  authorities,  are  the  only  essential  constituents  of  steel. 

The  term  ''steely  iron"  or  ''semi-steel*'  may  be  applied  to 
compounds  of  iron  with  less  than  0*5  per  cent,  of  carbon.  They 
are  intermediate  in  hardness  and  other  properties  between  steel 
and  malleable  iron. 

In  general  such  compounds  are  the  harder  and  the  stronger,  and 
also  the  more  easily  fusible,  the  more  carbon  they  contain.  Those 
kinds  which  contain  less  carbon,  though  weaker,  are  more  easily 
welded  and  forged,  and  from  their  greater  pliability,  are  the  fitter 
for  pieces  that  are  exposed  to  shocks. 

Impurities  of  different  kinds  affect  steel  injuriously  in  the  same 
way  with  iron. 

There  are  certain  foreign  substances  which  have  a  beneficial 
effect  on  steeL  One  2,000th  part  of  its  weight  of  silicon  canses 
molten  steel  to  cool  and  solidify  without  bubbling  or  agitation; 
but  a  larger  proportion  is  not  to  be  used,  as  it  would  make  the 
steel  brittle.  The  presence  of  manganese  in  the  iron,  or  its  intro- 
duction into  the  crucible  or  vessel  in  which  steel  is  made,  improves 
the  steel  by  increasing  its  toughness  and  making  it  easier  to  weld 
and  forge. 

Steel  is  distinguished  by  the  property  of  tempering;  that  is  to 
say,  it  can  be  hardened  by  sudden  cooling  from  a  high  temperature, 
and  softened  by  gradual  cooling;  and  its  degpree  of  hardness  or 
softness  can  be  regulated  with  precision  by  suitably  fixing  that 
temperature.  The  ordinary  practice  is,  to  bring  all  articles  of 
steel  to  a  high  degree  of  hardness  by  sudden  cooling,  and  then  to 
soften  them  more  or  less  by  raising  them  to  a  temperature  which 
is  the  higher  the  softer  the  articles  are  to  be  made,  and  letting 
them  cool  very  gradually.  The  elevation  of  temperature  previous 
to  the  annealing  or  gradual  cooling  is  produced  by  plunging  the 
articles  into  a  bath  of  a  fusible  metallic  alloy.  The  temperaure 
of  the  bath  ranges  from  430""  to  560''  Fahr. 

According  to  the  experiments  of  Mr.  Kirkaldy,  a  great  increase 
of  strength  is  produced  by  hardening  steel  in  oil. 
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Steel  b  made  by  various  proceaaes,  which  have  of  l&ie  become 
very  numerou&  They  may  all  be  classed  under  two  heads — tu., 
adding  carbon  to  malleable  iron,  and  abstracting  carbon  from  cast 
iron.  The  former  class  of  processes,  thongh  the  more  compleZf 
laborious,  and  expensive,  is  preferred  for  making  steel  for  catfeiDig 
tools  and  other  fine  purposes,  because  of  its  being  eaider  to  obteia 
malleable  iron  than  cast  iron  in  a  high  state  of  purity.  The  latter 
class  of  processes  is  well  adapted  for  making  great  masses  of  steel 
and  steely  iron  rapidly  and  at  moderate  expense.  The  following 
are  some  of  the  different  kinds  of  steel,  and  the  proooooca  by  whieb 
they  are  made: — 

Blister  Sted  is  made  by  a  process  called  ^  eementaUony*'  whick 
consists  in  imbedding  bars  of  the  purest  wrought  iron  (sa^  u 
that  manufactured  by  charcoal  from  magnetic  iron  ore)  in  a  layer 
of  charcoal,  and  subjecting  them  for  several  days  to  a  bigh  ten* 
perature.  Each  bar  absorbs  carbon,  and  its  surface  beoomes 
converted  into  steel,  while  the  interior  is  in  a  condition  intenne- 
diate  between  steel  and  irou.  Cementation  may  also  be  peif<MiDed 
by  exposing  the  surface  of  the  iron  to  a  current  of  carbnretled 
hydrogen  gas  at  a  high  temperature.  Cementation  is  aometUBei 
applied  to  the  surfaces  of  articles  of  malleable  iron,  in  order 
to  give  them  a  skin  or  coating  of  steel,  and  is  called  '^etm- 
hardening,** 

Shear  Steel  is  made  by  breaking  bars  of  blister  steel  into  lengths. 
making  them  into  bundles  or  fagots,  and  rolling  them  oat  at  a 
welding  heat,  and  repeating  the  process  until  a  near  approach  to 
uniformity  of  composition  and  texture  has  been  obtained.  It  ii 
used  for  various  tools  and  cutting  implements. 

Coat  Sted  is  made  by  melting  bars  of  blister  steel  in  a  cmciUe. 
along  with  a  small  additional  quantity  of  carbon  (usually  in  tbr 
form  of  coal-tar)  and  some  manganese.  It  is  the  purest^  mas: 
uniform,  and  strongest  steel,  and  is  used  for  the  finest  coitii^ 
implements. 

Another  process  for  making  cast  steel,  but  one  requiring  t 
higher  temperature  than  the  preceding,  is  to  melt  bars  of  the 
purest  malleable  iron  with  manganese,  and  with  the  wbok 
quantity  of  carbon  required  in  order  to  form  steeL  The  qnalitT 
of  the  steel,  as  to  hardness,  is  regulated  by  the  proportion  ii 
carbon.  A  sort  of  semi-steel,  or  steely  iron,  made  by  this  prooea^ 
and  containing  a  small  proportion  of  carbon  only,  is  known  si 
homogeneous  metaL 

The  making  of  large  masses  of  steel  by  adding  the  ptoper 
ingredients  to  liquid  malleable  iron  has  been  much  fiusilitatod  hj 
the  use  of  Siemens's  regenerative  furnace,  which  enables  a  vtrj 
high  temperature  to  Im  kept  up,  with  an  ease  and 
unknown  before. 
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Sled  maae  hy  the  air-bUut  is  produce.!  from  molten  pig  iron  by 
Mr.  Beasemer's  process.  In  the  first  place,  the  carbon  is  removed 
by  the  air-blast,  so  that  the  vessel  is  full  of  pure  malleable  iron  in 
the  melted  state;  and  then  carbon  is  added  in  the  proper  propor> 
tion,  along  with  manganese  and  silicon.  The  usual  way  of  adding 
the  carbon  is  by  running  into  the  vessel  a  sufficient  quantity  of  a 
compound  called  "  spiegeleisen,**  consisting  of  highly  carbonised 
cast  iron  and  manganetie.  The  steel  thus  product  is  run  into 
large  ingots,  whi(^  are  hammered  and  rolled  like  blooms  of 
wrought  iron. 

Puddled  Steel  is  made  by  puddling  pig  iron,  and  stopping  the 
process  at  the  instant  when  the  proper  quantity  of  carbon  remainsw 
The  bloom  is  shingled  and  rolled  like  bar  iron. 

The  broken  surface  of  a  piece  of  steel  shows  a  mass  of  very 
small  crystalline  grains,  finer  than  those  of  cast  iron.  Uniformity 
in  the  size  and  colour  of  the  grains  is  a  nuirk  of  good  steel ;  and 
the  smaller  they  are,  the  finer  and  the  harder  is  its  quality.  In 
fine  cast  steel  the  grains  are  so  small  as  not  to  be  separately  distin- 
guishable by  the  naked  eye ;  and  the  fracture  presents  a  smooth 
but  dull  suiface,  of  an  uniform  slate-gray  colour. 

As  to  expansion  by  heat,  see  page  326. 

393.  munm^^Ok  •€  WMMsht  irM  aad  atcei. — The  numerical  results 
of  experiments  on  the  strength  of  wrought  iron  and  steel  will  bo 
found  in  the  tables  between  this  chapter' and  the  next. 

Wrought  iron,  like  fibrous  substances  in  general,  is  more  tena- 
cious along  than  across  the  fibres;  and  its  tenacity,  or  resistance  to 
tearing  asunder,  is  greater  than  its  resistanoe  to  crushing^  except 
when  in  the  form  of  blocks  whose  lengths  are  less  than,  or  but 
little  greater  than,  their  diameters. 

The  ductility  of  wrought  iron  often  causes  it  to  yield  by  degrees 
to  a  load,  so  that  it  is  difficult  to  determine  its  strength  with  pre- 
cision. 

Wrought  iron  has  its  longitudinal  tenacity  oonsiderably  in- 
creased by  rolling  and  wire-drawing;  so  that  the  smaller  sizes  of 
bars  are  on  the  whole  more  tenacious  than  the  larger;  and  iron 
wire  is  more  tenacious  still,  as  is  shown  in  the  Tables. 

Wrought  iron  is  weakened  by  too  frequent  reheating  and 
forging ;  so  that,  even  in  the  best  of  Urge  forgings,  the  tenacity  is 
only  about  three-fourths  of  that  of  the  bars  from  which  the  forgings 
were  made,  and  sometimes  even  less. 

The  strength  both  of  iron  and  steel  is  injured  by  the  action  of 
tools  which  overstrain  the  nartides  in  the  neighbourhood  of  the 
portion  of  material  which  they  remove,  and  especially  by  punch- 
ing. In  the  case  of  steel,  the  strength  lost  through  punching  is 
partially,  but  not  wholly,  restored  by  mnnt><^\lng  The  drilling  of 
holes  has  no  such  weakening  effect 
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Plate  iron  is  somewhat  less  tenacious  crosswise  than  lengthwk. 
but  the  difference  ought  not  to  exceed  about  one-tenth. 

For  details  as  to  co-efficients  of  strength  in  iron  and  steel,  nk- 
ence  must  be  made  to  the  tables  of  the  next  chapter ;  hot  vj 
following  short  table  gives  a  condensed  view  of  the  values  of  u 
tUUfnate  tenacUy  which  ought  to  be  shown  by  reallj  good  ban  o: 
plates  of  iron  and  steel,  fit  to  be  used  as  materials  in  mikii: 
machinery :— > 


Uml  on  flw      miinSiflc; 
SqiUTBlllCh.         ymWee.' 

Iron,  large  forgings, from  40,000  38 

to  50,000  35 

Iron  Plates,  lengthwise, from  50,000  35 

to  60,000  42 
Do*        crosswise,  at  least  90  per 
cent  of  tenacity  lengthwise. 

Iron  Bars  and  Rods, from  55,000  39 

to  65,000  46 

Do.,    rivet  iron,  at  least, 60,000  42 

Iron  Wire, 90,000  63 

Mild  Steel, from  70,000  49 

to  90,000  63 

Hard  Steel, from  90,000  63 

to  110,000  77 

Hardest  Oast  Steel, 130,000  91 

It  is  highly  important  also  that  the  iron  and  steel  of  vfak: 
pieces  exposed  to  shocks  and  vibrations  are  to  be  made  fib*?^^ 
possess  toughness;  and  this  may  be  tested  by  observing  t»  v^ 
prapofiian  the  length  of  the  piece  is  increased  at  the  tiutonf  y^ 
breaking.  The  ultimate  elongation  of  really  good  and  toar 
specimens  of  iron  and  steel,  as  ascertained  in  Mr.  KirbU^; 
experiments,  was  nearly  as  follows,  in  fractions  of  the  oiig^^ 
length  :— 

Bar  Iron,  from 0*15    to  030 

Plate  Iron,  lengthwise,  from 0*04    to  017 

Da        crosswise,  from 0-015  to  0*11 

Steel  Bars,  from 0-05    to  019 

Steel  Plates,  from 0-03    to  019 


394.  Pi— ctrattoM  •r  ivML — Continual  motion,  especially  o[  ^ 
vibratory  kind,  tends  to  prevent  the  rusting  of  iron  and  steel. 
hence  roost  of  the  moving  pieces  in  machinery  have  littJe  011^ 

*  See  Mallet,  *'0a  the  Corronon  of  Iron,"  in  the  BeporU  ^IktBti^ 
AMoeiatUm  for  1843  and  184a 
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iced  of  any  special  means  of  protection,  except  shelter  from  the 
nreather  and  proper  care  in  keeping  them  clean.  But  the  frame- 
work of  machines  may  oflen  require  some  protection  against  cor- 
rosion. The  corrosion  of  iron  is  a  sort  of  slow  combustion,  during 
which  the  iron  combines  with  oxygen,  and  produces  rust  The 
ordinaiy  methods  of  preserving  iron  consist  principally  in  prevent- 
ing the  access  of  oxygen  to  the  metaL 

Cast  iron  will  often  last  for  a  long  time  without  rusting,  if  care 
be  taken  not  to  injure  its  skin,  which  is  usually  coated  with  a  film 
of  silicate  of  the  protoxide  of  iron,  produced  by  the  action  of  the 
sand  of  the  mould  on  the  iron.  Chilled  surfaces  of  castings  are 
without  that  protection,  and  therefore  rust  mora  rapidly. 

The  corrosion  of  iron  is  mora  rapid  when  partly  wet  and  partly 
dry,  than  when  wholly  immersed  in  water  or  wholly  exposed  to 
the  air.  It  is  accelerated  by  impurities  in  water,  and  especially 
by  the  presence  of  decomposing  organic  matter  or  of  free  acid&  It 
is  also  accelerated  by  the  contact  of  iron  with  any  metal  which  is 
electro-negative  relatively  to  the  iron,  or,  in  other  words,  has  less 
affinity  for  oxygen  (such  as  copper),  or  with  the  rust  of  the  iron 
itself.  If  two  portions  of  a  mass  of  iron  are  in  different  condi- 
tions, so  that  one  has  less  affinity  for  oxygen  than  the  other,  the 
contact  of  the  former  makes  the  latter  oxidate  more  rapidly.  In 
general,  hard  and  crystalline  iron  is  less  rapidly  oxidable  than 
ductile  and  fibrous  iron.  Cast  iron  and  steel  aecompose  rapidly  in 
warm  or  impure  sea-water. 

The  following  are  amongst  the  ordinary  methods  of  preserving 
iron: — 

I.  Boiling  in  coal-tar,  especially  if  the  pieces  of  iron  have  first 
beeu  heated  to  the  temperature  of  melting  lead 

II.  Heating  the  pieces  of  iron  to  the  temperature  of  melting 
lead,  and  smearing  their  surfaces,  while  hot,  with  cold  linseed  oil, 
which  dries  and  forms  a  sort  of  varnish. 

IIL  Painting  with  oil  paint,  which  must  be  renewed  from  time 
to  time.  The  linseed  oil  process  is  a  good  preparation  for  paint- 
ing. 

IV.  Coating  with  zinc,  commonly  called  **  galvanizinff.**  This 
is  efficient,  provided  it  is  not  exposed  to  acids  capable  of  dissolving 
the  zinc ;  but  it  is  destroyed  by  sulphuric  acid  in  the  atmoq>here 
of  places  where  much  coal  is  burned.     It  lasts  well  at  sea. 

y.  Coating  with  tin,  applied  to  thin  sheet  iron. 

Sectxoh  IL^Of  Fariaut  MdaU  and  AUayi. 

395.  «i»e— Tto~ii— J  cmwwmr. — ^These  are  the  metals  which, 
next  to  iron,  occur  moet  frequently  in  machinery;  but,  owing  to 
their  soflnesB^  none  of  them  are  suited,  in  a  pure  state^  for  frame- 
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work  or  for  moving  pieces.  It  is  by  oompoanding  tbem,  so  a.:  *- 
form  allo3r8,  that  sufficient  hardness  is  obtained.  Zinc,  lead,  r . 
copper  are  used  for  vessels  to  hold  liquids  whicb  'woald  ocfr- - 
iron,  and  for  flexible  tubes;  zinc  and  tin,  as  already  mentiovi 
are  used  for  coating  iron,  to  preserve  it;  copper^  having  r*  ' 
tenacity  when  rolled  and  hammered,  is  used  for  making  h.i  ^ 
into  which  substances  are  to  be  introduced  which  would  W  :• 
jurioufl  to  iron,  or  be  injured  by  it;  also  for  making  rivtrta  :  * 
leather  driving-belts. 

As  to  the  heaviness  of  those  metals,  see  pages  327,  328 ;  &-  * 
their  expansion  by  heat^  see  pages  326,  327 ;  as  to  their  stre-.r. 
see  the  tables  of  the  next  chapter.  Their  melting  points  ar-.  ^ 
follows : — 

FAhranlMiL  OMtl«nda 

Tin, 426**  ai9** 

Lead, 630  33J 

Zinc...... about  700  about  370 

Copper, about  2550  about  1400 


396.  Br«BBe  •■<  Bnus  are  the  names  given  to  alloys  of  c«  r* 

with  tin  and  with  zina     The  name  hrasSf  in  common  languai- 
applied  to  such  alloys  indiscriminately;   but^  strictly   speak  ^ 
bronze  is  the  proper  name  of  the  alloys  of  copper  with  tin  ;  b:. 
that  of  the  alloys  of  copper  with  zinc. 

Bi*oDze  is  at  least  equal  to  copper  in  tenacity,  and  is  oon<:   ■ 
ably  superior  in  hardness  and  resistance  to  crushing.      Bra>- 
inferior  to  copper  in  strength.     Both  bronze  and  brass  make  j  - 
castings,  which  quality  is  not  possessed  by  copper. 

These  properties  render  bronze  and  brass  (and  especially  br-*: 
where  strength  is  required)  suitable  both  for  framework  an  i : 
moving  pieces  in  machinery. 

Bronze  is  used,  in  particular,  for  the  bushes  or  bearings  of  r~' 
iog  shafts,  because  it  has  the  hardness  i*eqnisite  for  darabilitv. 
at  the  same  time  is  not  so  hard  and  durable  as  iron.     ThisL" 
quality  ensures  that  the  shaft  shall  not  be  worn  by  the  bear.  . 
but  the  bearing  by  the  shaft. 

As  zinc  is  cheaper  than  tin,  alloys  of  copper  with  zinc  ar^  r- 
ferable  to  those  of  copper  with  tin  in  those  cases  in  which  stre:.. 
and  durability  are  of  secondary  importance. 

The  following  general  principle  should  be  observed  in  the  mr^: 
facture  of  all  alloys  whatsoever,  as  being  essential  to  the  soand:. 
strength,  and  durability  of  the  compound  metal: — The  quarr 
of  the  conHiiuenU  should  bear  d^nite  (Uomic  proporiiona  to  t- 
other. 

For  example,  the  chemical  equivalents  of  copper,  tin,  nnc^  :. 
lead  bear  to  each  other  the  following  proportions  : — 
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and  the  proportions  in  which  they  are  combined  in  any  alloy  should 
be  expr^sed  by  multi])le8  of  those  numbers. 

When  this  rule  is  not  observed,  the  metal  produced  b  not  a 
homogeneous  compound,  but  a  mixture  of  two  or  more  different 
compounds  in  irregular  masses,  shown  by  a  mottled  appearance 
when  broken;  and  those  masses  beinff  different  in  eximnsibility 
and  elasticity,  tend  to  separate  from  each  other ;  and  being  different 
in  chemical  composition,  they  produce  electric  circuits  and  promote 
corrosion. 

The  following  is  a  list  of  the  most  useful  alloys  of  copper  with 
tin  and  zinc  : — 


CoMPoanofii. 

BT  EQUXTALBXTaL        Bt  Wboht. 


-»    r 


Ck>ppn*. 

la 

14 
16 

18 
30 


Tin. 


Copptir. 
762 
889 


Tin. 
118 
118 


IO16   118 


"43 
1270 


118 
1x8 


CoxFontKff. 
Br  EqurriLnra.      Br  Wnoirr. 


Allots  or  Corns  with  Tol 

Very  hard  bronze. 

Hard  bronze  for  machinery  bearings. 
(  Bronze,  or  gun-metal :  contracts  in  cool- 
]      ing  from  its  melting  pointy  lin. 

Bronze  somewhat  softer. 

Soft  bronze  for  toothed  wheelsy  Stc 


Allots  oy  Coim  wm  Zno. 


0  "  \  /  "  \ 

Copper.    Zlne.   Copper.      Zino. 

4         I      354       ^5*2     Malleable  brass. 

6k  a  i^^^^^^  brass:   melting  point,  1869* 
'  (      Fahr. :  contracts  in  cooling,  1^. 

•  ^^  -  .--.     /  Yellow  metal  for  sheathing  and  fasten- 

3  2      190.5  130.4)     ingaoffhipa. 

.   -i:  f  Spelter-solder,  for  brazing  copper  and 

4  3      «54     195-^  <    *V^„ 


\ 


iron. 


Various  alloys  of  copper,  tin,  and  zinc  are  used  in  machinery, 
and  may  be  r^;arded  as  modifications  of  true  bronze,  produced  by 
substituting  one  or  two  equivalents  of  zinc  for  tin.  They  are  lees 
expensive  than  true  bronze,  but  not  so  tough. 

397.  Other  Aii^a.— The  strongest  of  all  alloys  ret  known  is 
Aluminium  Bronze,  as  a  reference  to  the  tables  of  the  strength  of 
metals  will  show.  Different  sorts  contain  from  5  to  10  per  cent 
of  aluminium,  and  from  95  to  90  per  cent  of  copper;  and  li  Zit^ 
be  taken  as  the  equivalent  of  copper,  and  13*7  as  that  of  alumbifium, 
their  atomic  constitution  is  probably  from  8  to  4  equivakoto  of 
copper  to  1  equivalent  of  aluminium. 
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Alloys  of  copper  with  lead,  called  pot-^neUdy  are  used  for  oocks 
and  valves  where  strength  is  uaiinportant ;  bat  thej  are  weak  aiMi 
brittle ;  and  in  bronze  for  bearings,  lead  is  an  adolteratiou. 

Sq/l  MeUdy  or  BahbiUs  Metal,  consists  of  50  parts  of  tin,  1  of 
copper,  and  5  of  antimony.  It  may  be  considered  as  a  sort  of 
metallic  grease.  It  is  used  to  make  bearings  for  heavily  loaded 
shafts,  in  the  following  way : — ^A  bronze  or  cast-iron  bush  is  pre- 
pared,  with  a  recess  about  a  quarter  of  an  inch  deep  in  its  beariog- 
surface,  bounded  at  the  ends  by  ledges,  to  prevent  the  sofl  metal 
from  escaping;  the  soft  metal  in  a  melted  state  is  run  into  th^t 
recess,  either  round  a  core  of  the  shape  and  size  of  the  journal  or 
round  the  journal  itself. 

Soft  Solder,  used  for  soldering  tin-plate,  when  of  the  best 
quality,  is  a  compound  of  4  equivalents  of  tin  to  1  of  lead;  or  by 
weight,  very  nearly  2  pai'ts  of  tin  to  1  of  lead  It  melts  at  360'' 
Fahr.     Its  ultimate  tenacity  is  about  7,500  lbs.  on  the  square  inch. 

Section  III. — Of  aonie  SUmy  Materials. 

398.  8c«B«  BcaiiMsa  for  ShaAs  have  occasionally  been  used.  The 
natural  stones  fit  for  this  purpose  are  those  which  are  wholly  fiee 
fi-om  grittiness,  and  are  somewhat  inferior  in  hardness  to  iron; 
such  as  gypsum,  pure  clay  slate,  pure  compact  limestone  and 
marble,  and  silicate  of  magnesia,  or  soapstone,  the  last  being  the 
best  Stones  containing  crystals  of  quarts^  such  as  sandstone, 
sandy  limestones  and  slates,  &a,  are  not  suitable.  A  material 
called  adamas  is  sometimes  used  for  bearings :  it  consists  of  silicato 
of  magnesia  ground,  calcined,  moulded  by  hydraulic  pressure  into 
blocks  of  suitable  figures,  and  baked.  The  advantage  of  silicate  of 
magnesia  consists  in  its  combiniug  a  cei*tain  greasiness  of  surface 
with  a  degree  of  hardness  sufficient  for  durability. 

Section  IY. — Of  Wood  and  other  Organic  Maierials. 

399.  sinictBre  mt  w—4» — Wood  is  the  material  of  trees  belong- 
ing almost  exclusively  to  that  class  of  the  vegetable  kingdom  in 
which  the  stem  grows  by  the  formation  of  successive  layen  of 
wood  all  over  its  external  surface,  and  b  therefore  said  by  botanists 
to  be  exogenous. 

The  tissues  of  which  wood  consists  are  distinguished  into  two 
kinds — cdltdar  tissue,  consisting  of  clusters  of  minute  cells;  and 
vascular  tissue,  or  woody  fibre,  consisting  of  bundles  of  slender 
tubes,  the  latter  being  distinguished  from  the  former  by  its  fibrous 
appearance.  The  difference,  however,  between  those  two  kinds  of 
tissue,  although  very  distinct  both  to  the  eye  and  to  the  touch,  is 

My  one  of  degree  lather  than  of  kind;  for  the  fibres  or  tubes  of 
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yascnlar  tissue  are  simply  very  much  doDgated  cells,  taporiDg  to 
points  at  the  ends,  and  breaking  joint  with  each  other. 

The  tenacity  of  wood  when  strained  along  the  grain  depends  on 
the  tenacity  of  the  walls  of  those  tubes  or  fibres;  the  tenacity  of 
wood  when  strained  across  the  grain  depends  on  the  adhesion  of 
the  sides  of  the  tubes  and  cells  to  each  other.  Examples  of  the 
difference  of  strength  in  those  diff*erent  directions  are  given  in  the 
tables. 

When  a  woody  stem  is  cut  across,  the  cellular  and  vascular 
tissues  are  seen  to  be  arrauged  in  the  following  manner : — 

In  the  middle  of  the  stem  is  the  pith,  composed  of  cellular  tissue, 
inclosed  in  the  medullary  slieathf  which  consists  of  vascular  tissue 
of  a  XMirticular  kind.  From  the  pith  there  extend,  radiating 
outwards  to  the  bark,  thin  partitions  of  cellular  tissue,  callea 
medtdlarf/  raya;  between  these,  additional  medullary  rays  extend 
inwards  from  the  bark,  to  a  greater  or  less  distance,  but  without 
penetrating  to  the  pith. 

When  the  medullary  rays  are  Lu^  and  distinct,  as  in  oak,  they 
are  called  "  silver  grain.^ 

Between  the  medullary  rays  lie  bundles  of  vascular  tissue,  forming 
the  woody  fibre,  arranged  in  nearly  concentric  rings  or  layers  round 
the  pith.  In  most  cases  each  ring  is  the  result  of  a  yearns  growth 
of  the  tree.  These  lings  are  traversed  radially  by  tiie  medullary 
raya  The  boundary  between  two  successive  rings  is  marked  more 
or  less  distinctly  by  a  greater  degree  of  porosity,  and  by  a  difiference 
of  hardness  and  colour. 

The  rings  are  usually  thicker  at  that  side  of  the  tree  which  has  had 
most  air  and  sunshine,  so  that  the  pith  is  not  exactly  in  the  centre. 

The  wood  of  the  entire  stem  may  be  distinguished  into  two 
parts — the  outer  and  younger  portion,  called  "sap-wood"  being 
softer,  weaker,  and  less  compact,  and  sometimes  lighter  in  colour 
than  the  inner  and  older  portion,  called  " heart-wood"  The  heart- 
wood  is  alone  to  be  employed  in  those  structures  and  machines  in 
which  strength  and  durability  are  required. 

The  number  of  rings  of  sap-wood  ranges  from  five  to  forty  and 
upwards  in  different  sorts  of  wood,  and  is  greatest  in  trees  of  the 
pine  and  fir  kind. 

The  structure  of  a  branch  is  similar  to  that  of  the  trunk  from 
which  it  springs,  except  as  r^rds  the  difference  in  the  number  of 
annual  rings,  corresponding  to  the  difference  of  age.  A  branch 
becomes  partisUy  imbedded  in  those  layen  of  the  trunk  which  are 
formed  after  the  time  of  its  firat  sprouting ;  it  causes  a  perforation 
in  those  layers,  accompanied  by  distortion  of  the  fibres^  and  consti- 
tutes  what  is  called  a  knoL  (On  various  matten  mentioned  in 
this  Article,  see  Balfoui's  Manual  of  Botany,  Part  L,  chapten 
i.  and  ii.) 

2n 
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400.  ClMsitfcattoa  mT  w—d, — For  mechanical  parposea^  trees  iLir 
be  classed  according  to  the  stractare  of  the  vood ;  and  npon  a  oc*i.  - 
parison  of  that  structure  in  different  kinds  of  trees,  a  divisioD  ii '  • 
two  great  classes  at  once  suggests  itself,  which  exactly  oarrespoii  1^ 
with  a  botanical  division,  viz. : — 

FiNB-WoOD,  comprising  all  timber  trees  belonging  to  the  coiii- 
ferous  order;  and 

Leaf- Wood,  comprising  all  other  timber  trees. 

Beyond  this  primary  division,  the  place  of  a  tree  in  the  botani:  u 
system  has  little  or  no  connection  with  the  strocture  of  its  timt^r 

In  the  following  table  those  two  great  classes  are  sabdivin^-. 
according  to  a  system  proposed  by  Tredgold,  fminded,  in  the  dr-: 
place,  on  the  greater  or  less  distinctness  of  the  medollaiy  rays : — 

• 

Class  L — Pine-Wood.     (Natural  order  Conxfarct,) 

Examples:  Pine,  Fir,  Larch,  Cowrie,   Yew,  Ct?\li:. 
Juniper,  Cypress,  &c. 

Class  IL — Leaf- Wood.     (Non-coniferous  trees.) 

Diviaimi  1. — With  distinct  large  medullary  raya 

(The  trces  in  this  division  fonn  part  of  tie 
natural  order  Amentacece.) 

Subdivision  L — Annual  rings  distinct. 
Example :  Oak. 

Subdivision  2. — Annual  rings  indistinct 

Examples  :  Beech,  Plane,  Sycamore*  (S:c. 

Division  2. — Without  distinct  large  medullary  rtkjs^ 

Subdivision  1. — Annual  rings  distinct. 
Examples  :  Chestnut,  Ash,  Elm,  <kc. 

Subdivision  2. — Annual  rings  indistinct 

Examples  :  Mahogany,  Walnut,  Box,  Teak,  Gx^en- 
heart.  Mora,  Lignum-vitse,  ko. 

The  chief  pmctical  bearings  of  the  forgoing  dassification  are 
as  follows : — 

Pine-woodf  or  coniferous  timber,  in  most  cases  contains  tarpen- 
tina  It  is  distinguished  by  straightness  in  the  fibre  and  regolahty 
in  the  figure  of  the  trees;  qualities  favourable  to  its  use  for  Iol^- 
pieces  in  framework.  At  the  same  time,  the  lateral  adhesion  ot' 
the  fibres  is  small,  so  that  it  is  much  more  easily  shorn  and  spli: 
along  the  grain,  or  torn  asunder  across  the  graiu,  than  leaf-wood; 
and  is  therefore  less  fitted  to  resist  thrust  or  shearing  itrois,  or 
any  kind  of  stress  that  does  not  act  along  the  fibres.  Even  the 
toughest  kinds  of  pine-wood  are  easily  wrought;  and  this  qnalitv, 
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combined  with  lightness  and  stiffness,  makes  certain  kinds,  snch 
as  deal,  specially  well  suited  for  making  patterns  for  large  oastingpL 
A  peculiar  characteristic  of  pine-wood  (bfut  one  which  requires 
the  microeoope  to  make  it  visible)  is  that  of  having  the  vascular 
tissue  **  jpunkaied '/'  that  is  to  say,  there  are  small  leiiticulai< 
hollows  in  the  sides  of  the  tabular  fibres.  This  structore  is  prob- 
ably connected  with  the  smallness  of  the  lateral  adhesion  of 
those  fibres  to  each  other.  Pine-wood  is,  on  the  whole,  inferior  to 
leaf-wood  for  works  of  carpentry  and  machinery  in  exposed 
situations;  because  the  strong  kinds  (as  pine  and  fir)  are  deficient 
in  durability,'  and  the  durable  kinds  (as  cedar  and  cypress)  are 
deficient  in  strength. 

In  Leaf-wood,  or  non-coniferous  timber,  there  is  no  turpentine. 
The  degree  of  distinctness  with  which  the  stnu^ura  is  seen,  whether 
as  regards  medollaty  rays  or  annual  rings,  depends  on  the  degree 
of  difference  of  texture  of  different  paxts  of  the  wood.  Snch 
difiSerenoe  tends  to  produce  unequal  shrinking  in  drying;  and 
consequently  those  kinds  of  wood  in  which  the  medullary  rays  and 
the  annual  rings  are  distinctly  marked,  are  more  liable  to  warp 
than  those  in  which  the  texture  is  more  uniform.  At  the  same 
time,  the  former  kinds  of  wood  are,  on  the  whole,  the  mors 
flexible,  and  in  many  cases  are  very  tough  and  strong,  which 
qualities  make  them  suitable  for  pieces  that  have  to  bear  Socles. 

401.  AppwiMce  mi  «••«  Ttaikcv^ — ^There  are  certain  appear- 
ances which  are  characteristic  of  strong  and  durable  wood,  to  what 
class  soever  it  belongs.  In  the  same  species  of  wood,  that  specimen 
will  in  general  be  tibe  strongest  and  the  most  durable  which  has 
grown  the  slowest,  as  shown  by  the  narrowness  of  the  annual 
rings. 

The  cellular  tissue,  as  seen  in  the  medullary  ra3r8  (when  visible), 
should  be  hard  and  compact 

The  vascular  or  fibrous  tissue  should  adhere  firmly  together,  and 
should  show  no  woolliness  at  a  freshly-cut  surfitce;  nor  should  it 
clog  the  teeth  of  the  saw  with  loose  fibres. 

If  the  wood  IB  coloured,  darkness  of  colour  is  in  general  a  sign 
of  strength  and  durability. 

The  freshly-cut  surface  of  the  wood  should  be  firm  and  shining, 
and  should  have  somewhat  of  a  translucent  appearance.  A  duQ^ 
chalky  appearance  is  a  sign  of  bad  timber. 

lu  wood  of  a  given  species,  the  heavier  q)ecimens  are  in  general 
the  stronger  and  the  more  lasting. 

Amongst  resinous  woods,  those  which  have  least  resin  in  their 
])ores,  and,  amongst  non-resinous  woods,  those  which  have  least 
sap  or  gum  in  &em,  are  in  general  the  strongest  and  most  last- 
ing. 

Timber  should  be  free  fipom  such  blemishes  as  '<  deftsy*'  or  cracks 
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radiating  from  the  centre ;  "  cap-shakes,"  or  cracks  which  parti  t'ir 
separate  one  annual  layer  from  another;  '*  upsets,"  where  Uie  filr^ 
have  been  crippled  bj  compression ;  *'  rind-galls,"  or  wounds  in  s 
lajer  of  the  wood,  which  have  been  covered  and  concealed  Vj 
the  growth  of  subsequent  layers  over  them;  and  hollows^  or  spoij^T 
places,  in  the  centre  or  elsewhere,  indicating  the  oommencement  : 
decay. 

402.  Bzanplcs  •f  Piae-Woed. — The  following  are  a  few  «ri- 
amples  of  timber  of  this  class : — 

I.  Pine  timber  is  the  wood  of  various  species  of  the  geni^ 
PinuSy  the  best  being  that  of  the  Ked  Pine,  or  Scottish  Fir  (Fu-  • 
8ylve8tri8\  grown  in  the  north  of  Europe.  This  wood  is  rjr. 
strong,  and  straight-grained,  and  well  suited  for  large  framing. 

Pine  timber  is  also  obtained  from  various  other  species,  cLiti' 
North  American,  of  which  the  best  are  the  Yellow  Pine  (/*i..  • 
variabilis)  and  White  Pine  {Pinus  Strobus),  It  is  softer  and  l-- 
durable  than  the  Red  Pine  of  the  north  of  Europe,  but  lighter  &i  • 
can  be  had  in  larger  logs. 

Timber  similar  in  its  properties  to  the  best  kinds  of  pine  > 
produced  by  the  Kauri  or  Cowrie  of  New  Zealand  (Damn*'.-. 
Australia), 

II.  White  Fib,  or  Deal  timber  of  the  best  kind,  is  the  woou  . 
the  Spruce  Fir  {Abies  excelsa),  grown  in  the  north  of  £iirope. 

This  is  an  excellent  kind  of  timber  for  light  framing  and  join '^ 
work,  and  is  specially  well  suited  for  making  patterns  of  machii:*:'' 

Amongst  other  kinds  of  spnice  fir  applied  to  the  same  pnrp*^ 
are  the  North  American  White  Spruce  {Abies  alba),  and  IM^. 
Spruce  {Abies  nigra), 

403.  Bmmiplcs  •f  IjMir-W««4  with  lAffse  Bays.— -L   Oak  tin'' 
belongs  to  the  first  subdivision  of  Tredgold's  system.      It   is  t 
strongest,  toughest,  and  most  lasting  of  those  grown  in  temper/ 
climates,  and  is  well  suited  for  framing  in  which  strength,  tc»v_' 
ness,  and  durability  are  required;  but  it  has  in  general  the  de:  ■ 
which  is  a  serious  one  as  regards  machinery,  of  being  saV>Ject  * 
warp.     It  is  obtained  from  various  species  or  varietiea    of  i 
botanical  genus  Quercus, 

•The  wood  of  the  oak  contains  gallic  acid,  which  contributes 
the  durability  of  the  timber,  but  corrodes  iron.  Metal  fasten  i- 
for  oak  should  therefore  be  of  copper,  or  its  alloys;  or,  if  of  ir 
they  should  be  well  coated  with  zinc. 

The  following  are  examples  of  trees  belonging  to  Tred^>  1 
•econd  subdivision : — 

II.  Beech  {Fagus  sylvatica),  common  in  Europe. 

III.  American  Plane  {Platamu  cccidentalis),  common  hx  IS*. : 
America. 

IV.  Sycamore  {Acer psewJo-pkUanus),  also  called  Great 
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and  in  Scotland  and  the  north  of  England,  Plane;  common  in 
Western  £arop& 

All  these  afford  compact  wood  of  uniform  texture.  They  are 
valnable  for  blocks  which  have  to  resist  a  crushing  force.  They  last 
well  when  constantly  wet  (especially  beech),  but  when  alternately 
wet  and  dry  they  decay  rapidly. 

404.  Mmmmifim  •ri«caf*w«««  wlikMit  XiBtge  Rara. — ^The  examples 
of  timber  in  this  Ai*ticle  belong  to  the  first  subdivision  of  the 
second  division  according  to  Ti«dgold*s  system,  having  no  large 
distinct  medullary  rays,  and  having  the  divisions  between  the 
annual  rings  distinctly  marked  by  a  more  porous  structure.  They 
are  in  general  strong,  but  flexible;  and  therefore,  in  machinery, 
they  are  suitable  for  pieces  in  which  the  power  of  bearing  shocks 
is  of  more  importance  than  ngidity. 

I.  The  Ash  (Fraxinus  exedsior)  furnishes  timber  whose  tough- 
ness and  flexibility  render  it  superior  to  that  of  all  other  European 
trees  for  making  handles  of  tools,  shafts  of  carriages,  spokes  ol 
wooden  wheels,  and  the  like;  but  which  is  not  sufliciently  stiff  and 
durable  to  be  used  in  framing. 

II.  The  common  Elm  (UlmuB  eampegtria)  and  smooth-leaved 
Elm  (UlmuB  glabra)  yield  timber  which  is  venr  durable  when 
constantly  wet,  but  not  when  alternately  wet  and  dry.  Its  strength 
across  the  grain,  and  its  resistance  to  ciiisliing,  are  comparatively 
great;  and  these  properties  render  it  useful  for  some  parts  of 
mechanism,  such  as  cogs  of  wheels  and  shells  of  Ai\\^  blocks. 
There  are  other  European  species  of  elm,  such  as  the  Wych  Elm 
(Ulmua  mofUana);  but  their  timber  is  inferior  to  that  of  the  two 
species  named 

A  North  American  species,  the  Rock  Elm,  is  said  to  be  not  only 
durable  under  water,  but  straight-grained  and  tough,  so  as  to  be 
well  suited  for  framing. 

405.  mmmmwim  mt  liCaAW^sd  wlih««t  X«m««  Bays  c^aifaiaedL— 
The  kinds  of  timber  mentioned  in  this  Article  are  examples  of  the 
second  subdivision  of  Tredgold*a  second  division,  having  no  large 
distinct  medullary  rays,  and  no  distinct  difference  of  compactness 
in  the  rings.  This  uniformity  of  structure  is  accompanied  by 
comparative  freedom  from  warping;  and  hence  this  subdivision 
contains  various  sorts  of  wood  which  are  specially  well  adapted 
both  for  framing  and  for  moving  pieces  in  machinery,  where  ac- 
curacy and  constancy  of  form  are  required 

I.  Mahogany  (Swidenia  Maha^oni)  is  produced  in  Central 
America  and  the  West  India  Islands — that  of  the  former  r^on 
being  commonly  known  as  **  Bay  Mahogany ;"  that  of  the  latter,  as 
*'  Spanish  Mahogany."  When  of  good  qualify,  it  is  very  straight- 
grained,  very  stix>ng  in  all  directions  (though  easily  split  along  the 
grain),  very  durable^  and  preserves  its  shape  under  varying  circum- 
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stances  as  to  heat  and  moisture,  better  than  any  other  kiud 
timber  which  can  be  procured  in  equal  abundance.    Mahcn:. 
varies  much  in  quality;  bay  mahogany  being  in  general  superior 
Spaninh  mahogany  in  strength,  st^ness,  and  durability,  and  iu  * 
size  of  the  logs,  which  are  from  24  to  48  inches  square.    1> 
mahogany  of  good  quality  is  probably  the  best  of  all  timber  for  ..  i 
framing  of  machinery.     Spanish  nukhogany  is  the  more  hi:  | 
valued  for  ornamental   purposes.     Spanish  mahogany  is  dl^^i 
guished  by  having  a  white  chalky  substance  in  its  pores,  tho^c  i 
bay  mahogany  being  empty. 

II.  LiONUM-viTA  {Giiaiacum  officinale)  is  produced  in  the  W  i 
India  Islands.  It  is  remarkable  for  heaviness,  compactness,  t  >  J 
ness,  and  hardness,  and  for  the  propei-ty  of  resLstii^  a  cnt-- 1 
force  with  nearly  equal  strength  across  and  along  the  graLi.- 
property  which  makes  it  specially  useful  for  rollers,  sheaves,  .i 
other  moving  pieces  in  mechanism.  In  converting  logs  .j 
sheaves,  the  direction  of  the  fibre  of  the  timber  is  parallel  to  1 
axis  of  the  sheave.  The  heart-wood  is  yellowish-green,  the  s 
wood  greenish-yellow ;  and  it  is  considered  advisable,  in  cutt .  i 
into  pieces  suitable  for  sheaves,  to  leave  a  ring  of  8ap-wo<.>  • 
round  the  heart-wood,  which  is  thus  protected  against  too  n 
drying,  and  prevented  from  splitting. 

Properties  similar  to  those  of  Lignum-vitse  are  possessed  bv  1 
wood  {Buxua  8e7npervirens)y  Ebony  {Brya  ebenus^  and  other  'c« 
and  species),  Iron  wood  {Mesua  N'ctgaha),  and  various  other  W : 
chiefly  tropical 

The  same  subdivision  embraces  various  kinds  of  timber  p 
in  tropical  climates,  which  are  highly  valued  for  shipbaii<lin :: 
poses,  and  which  would  be  suitable  also  for  the  framing  of  m.M.  ] 
' — such  as  the  Teak  (Tectoiia  grandis)  and  Saul  {Shorea  rt>6u>i 
India,  and  the  Greenhcai-t  {Nectandra  Rodi<ei)y  Mora  (.l/o.i 
^«a),  and  Sabicu  {Acacia  proxima)  of  South  America  and  the 
Indies. 

406.  8MiM«teg-— Seasoning  timber  consists  in  expelling,  ^ 
as  possible,  the  moisture  which  is  contained  in  its  poreiSL 

Naturcd  Seasoning  is  performed  simply  by  exposing  ^lie  ti 
freely  to  the  air  in  a  dry  place,  sheltered,  if  possible,  fron*^ 
shine  and  high  winda  The  seasoning  yard  should  be  pa.v^«i 
-well  drained,  and  the  timber  8up}X)rted  on  stone  or  cfin 
bearers,  and  piled  oo  as  to  admit  of  the  free  circulation  o£  a.i 
4dl  the  surfaces  of  the  pieces. 

Natural  seasoning  to  fit  timber  for  carpenters^  worlc,  ti 
<>ccupie8  about  two  years;  for  joiners*  work  and  machinery-, 
four  years;  but  much  longer  periods  are  sometimes  employ o^  | 

To  steep  timber  in  water  for  a  fortnight  after  felling  it,  *>-  n 
"mrt  of  the  sap,  and  makes  the  drying  process  more  rapid. 
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Arttfieial  Seasoning  consiiits  in  drying  the  timber  in  an  oven  bjr 
means  of  a  current  of  hot  air.  It  oocapies  from  seven  to  nine 
days  for  each  inch  of  the  thickness  of  the  piece  of  timber. 

In  the  course  of  drying,  timber  loses  weight  and  shrinks  in  its 
transverse  dimensions.  The  loss  of  weight  ranges  in  different 
examples  from  6  per  cent  to  40  per  cent;  and  the  transverse 
shrinking  from  2  per  cent,  to  8  per  cent,  the  most  common  rate 
being  3  per  cent  The  sorts  of  wood  which  shrink  most  in 
drying  are  the  most  subject  to  warp. 

407.   OaniMHlr*  Dms7»  «■«  PrwcnrAtlMi  •f  W««4. — All    kinds 

of  timber  are  more  lasting  when  kept  constantly  dry,  and  at  the 
same  time  freely  ventilated. 

Timber  kept  constantly  wet  is  softened  and  weakened;  but  it 

does  not  necessarily  decay.    Various  kinds  of  timber,  some  of 

^      which  have  been  already  mentioned,  such  as  greenheart,  elm  and 

V  beech,  possess  great  durability  in  that  condition. 

The  situation  which  is  least  favourable  to  the  duration  of  timber 

V  is  that  of  alternate  wetness  and  dryness,  or  of  a  slight  degree  of 
moisture,  especially  if  accompanied  by  heat  and  confined  air. 

Timber  exposed  to  confined  air  alone,  without  the  presence  of 
any  considerable  quantity  of  moisturo,  decays  by  "  dry  ro<,"  which 
;:      is  accompanied  by  the  growth  of  a  fungus,  and  finally  converts  the 
wood  into  a  fine  powder. 

V  Amongst  the  most  efficient  means  of  preserving  wood,  are  good 
seasoning  and  the  free  circulation  of  air. 

Protection  against  moisture  is  afforded  by  oil  paint,  provided 
that  the  timber  is  perfectly  dry  when  firot  painted,  and  that  the 
paint  is  renewed  from  time  to  time.  A  coating  of  pitch  or  tar 
may  be  used  for  the  same  purpose. 

Protection  against  the  dry  rot  may  be  obtained  by  saturating 
' '  the  timber  with  solutions  of  metallic  salts,  such  as  sulphate  of  ii-on, 
^  sulphate  of  copper,  bichloride  of  mercury,  and  chloride  of  zinc. 
^  Timber  is  protected  against  wet  rot,  dry  rot,  and  white  ants,  by 
saturation  with  the  liquid  called  commercially  "  ereo$oU^**  which  is 
^j   a  kind  of  pitch  oil. 

1^  40&  mumwi^h  •r  TiMkar.— Amongst  different  specimens  of 
,.;  timber  of  the  same  species,  those  which  are  most  dense  in  the  dry 
'^^-    state  are  in  general  slso  the  strongest 

V'l       Ikbles  of  the  results  of  experiments  on  the  strength  of  different 
\'.  kinds  of  timber,  strained  in  various  ways,  are  given  in  the  next 
J.  chapter. 

The  following  are  some  general  remarks  as  to  the  different  ways 
j^   in  which  the  strength  of  timber  is  exerted : — 
-j^       I.  The   Tenacity   along  Uie  grain,  depending,  as  it  does,  on 

V  i*  the  tenacity  of  the  fibres  of  the  vascnlar  tissue,  is  on  the  whole 
\,fi  greatest  in  those  kinds  and  pieces  of  wood  jn  which  those  fibres 

ft 
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are  Btraightest  and  most  distincUy  marked.  It  is  not  materLr' 
afiected  by  temporary  wetness  of  the  timber,  but  is  dimiDi>i>. 
by  loDg-continued  saturation  with  water,  and  by  steaming  aii 
boiling. 

The  TenacUp  across  the  gnxin^  depending  chiefly  on  the  kUr^ 
adhesion  of  the  fibres,  is  always  considerably  less  than  the  tena  ~ 
along  the  grain,  and  is  diminished  by  we^ess  and  increased  7 
dryness.  Very  few  exact  experiments  have  been  made  npon  .*. 
Its  smalluess  in  pine- wood  as  compared  with  leaf-wood  fonn>  . 
marked  distinction  between  those  two  classes  of  timber,  the  pr.' 
portion  which  it  bears  to  the  tenacity  along  the  grain  having  Ut:i 
found  to  be,  by  some  experiments — 

In  pine-wood,  from  l-20th  to  1-lOth. 

In  leaf-wood^  from  l-6th  to  l-4th  and  upwards^ 

II.  The  Resistance  to  Shearing,  by  sliding  of  the  fibres  on  es  1 
other,  is  the  same,  or  nearly  the  same,  with  the  tenacity  across  *j 
grain. 

III.  The  Resistance  to  Crushing  along  the  grain,  depending:.  - 
it  does,  on  the  resistance  of  the  fibres  to  being  crippled,  or  ^  up^i 
and  split  asunder,  is  greatest  when  their  lateral  adhesion  is  great---. 
and  was  found  by  Mr.  Hodgkinson  to  be  nearly  twice  as  great  : 
dry  timber  as  for  the  same  timber  in  the  green  state.  In  m  -' 
kinds  of  timber,  when  diy,  it  ranges  fix>m  one-half  to  tw^o-thinL  :. 
the  tenacity. 

Experiments  have  been  made  on  the  crushing  of  timber  acr  ^ 
the  grain,  which  takes  place  by  a  sort  of  shearing;  bnt  they  L  .. 
not  led  to  any  precise  result,  except  that  timber  in  general  i^  l'-:. 
more  compressible  and  weaker  against  a  transverse  than  again  >t  . 
longitudinal  pressure;  and  consequently,  that  intense  trans vtr^ 
compression  of  pieces  of  timber  ought  to  be  avoided.      Ct-^rr:.  . 
special  kinds  of  timber  are  valued  for  the  property  of  insist;  . 
compression  across  the  giain  well.     Of  these  the  most  genera. . 
used  is  lignum- vit«e,  already  mentioned  in  Article  405,  P^ge  47<'. 

IV.  The  Modulus  of  Rupture  of  timber,  which  expresses  v 
resistance  to  cross-breaking,  is  usually  some  what  less  than  its  tenaci:, 
but  seldom  much  less. 

409.  Vm  •€  W«««  la  Hachtecry. — The  following  tabular   a- 
rangement  of  the  more  oixlinary  kinds  of  wood,  according  to  tl 
purposes  in  machinery  to  which  they  are  applicable,  is  principal. 
I)a8ed  on  a  similar  table  given  by  Holtsapffel  in  his  treatise  < . 
Mechanical  Manipulation. 

Fbamework. 

Strong,  stiff,  durable,  and  free  firom  warping. 
Mahogany. 
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Strong  loDgitudinally,  stiff,  and  straigbt-gnined. 
Pine,  Deal 

Strong,  tough,  and  doiaUeu 
Oak,  Teak,  SauL 

Toagh  and  pliable. 
Ash. 

Strong  against  pressansu 

£1m  (durable  when  wet),  Beeoh. 

LiyXBS  AND  CONNECfTINO-RoDS. 

Strong  and  stiff 

Pine,  Deal,  Mahogany. 

Strong  and  tough. 
Oak,  Teak. 

Tough  and  pliable. 

Ash,  Hazel,  Hickory,  Lanoewood. 

Pullets,  Shbates,  Rollebs. 

Lignnm*vit»,  Box,  Mahogany. 

Beabinos  fob  Shafts. 

Box,  Beech,  Holly,  Lignum-vitse,  Mm. 

When  wood  is  used  for  bearings,  the  ends  of  the  fibres  should  be 
exposed  to  the  pressure. 

Coos. 

Crabtree,  Hornbeam,  Locust^  Beech. 

PATTEBNa 

Deal,  Mahogany,  Pine,  Alder. 

In  machinery  whose  speed  is  liable  to  be  suddenly  changed  or 
checked,  it  is  often  useful  to  make  some  of  the  parts  which  trans- 
mit the  motion  of  wood,  although  the  whole  of  the  remainder  may 
be  of  iron ;  the  object  being  that  the  wood,  by  yielding  to  a  shock, 
roay  prevent  it  from  damaging  the  iron ;  and  also  that  in  the  event 
of  breakage  occurring,  it  may  take  place  in  the  wooden  parts,  which 
can  be  replaced  more  easily  and  at  less  cost  than  the  iron  parta 

For  example,  the  great  spur  fly-wheel  by  means  of  which  a 
steam  engine  or  a  water-wheel  drives  the  machinery  of  a  mill  is 
very  genei-ally  a  moHtse-w^ted ;  that  is  to  say,  a  cast-iron  wheel 
with  rectangular  sockets  called  nwrtites  in  its  rim,  into  which  are 
fitted  wooden  teeth  called  cogs.  The  pinion  which  those  teeth 
drive  is  wholly  of  cast  iron.  Wooden  cogs  are  made  double  the 
thickness  of  cast-iron  teeth  that  have  to  bear  the  same  pressure. 

Another  instance  of  the  application  of  the  same  principle  is  when. 
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in  a  steam  engine  that  drives  an  iron  rolling  mill,  the  naid^II-r  r 
of  the  thickness  of  the  connecting-rod,  which  transmits  thni^* 
made  of  wood,  the  tension  being  transmitted  hj  means  :: 
wi'ought-iron  strap. 

409  a.  Pasteboard,  composed  of  layers  of  paper  perpendicuL- 
the  pressure,  is  sometimes  used  for  bearings  of  shafts. 

410.   Orgnnic  Materials  far  Bands*  liCailicr,  Gatta*Pc»clia«  lm4a% 
Bnbber,  Cattan,  Flax,  and  Hemp. — I.  LecUlier  Belis. ^The  ori.i 

material  for  driving-belts  in  machinery  is  ox-leather   fi\>m 
back  of  the  animal.     It  is  of  a  nearly  uniform  thickness,  r^: . 
from  ^  to  ^  of  an  inch  (from  4  to  6  millimetres).     It  is  to  K 
in  pieces  up  to  4^  or  5  feet  long,  and  about  8  inches  broad.    1 
several  lengths  of  leather  of  which  a  belt  is  made  are  splictr : 
cemented  together,  and  fastened  to  each  other  by  means  of  pi., 
rivets  of  copper  or  of  soft  brass.     The  two  ends  of  the  h- .: 
connected  with  each  other  by  a  lacing  of  thongs,  or  by  cop;-: 
brass  pins. 

A  belt  is  said  to  be  s^ingle  or  double  according  as  it  is  made  ci 
or  of  two  thicknesses  of  leather. 

The  inside  of  the  leather  is  rougher  than  the  outside,  and  is  f.. 
next  the  pulleys ;  crossed  belts  being  twisted  so  as  to  brir^  * 
same  side  of  the  leather  in  contact  with  both  pulleys  (fig.  12-\^  -. 
182). 

Leather  belts,  when  new,  are  not  quite  of  the  heaviness  of  wa:""' 
say  about  GO  lbs.  per  cubic  foot;  but  after  having  been  for  s-  - 
time  in  use,  they  become  thinner  and  denser  by  conopression.  ' 
are  then  about  as  heavy  as  water.     The  weight  of  single  K.*.. 
may  be  approximately  estimated  as  follows : — 

Per  foot  length  and  inch  breadth, o*o68  lb. 

Per  square  m5tre  of  surface, 4  kilogrammes. 

The  following  table  shows  the  results  of  experiments  bv  !• 
Henry  R.  Towne  on  the  ultimate  tenacity  of  belts,  compared  v- 
the  practical  rule  of  Genei-al  Morin  as  to  their  safe  working  ten^ 
The  tensions  in  lengths  of  belt  are  calculated  from   the   aV 
estimate  of  the  heavines& 

The  solid  leather, 675       la         10,000  ^j.:. 

At  the  rivet-holes  of  the  splices,       382         6-8        5,600  i.- 

At  the  lacing, 210         375      3,100 

Safe  working   tension   (see )  -        ^  o  iCic 

AAi\                         ^       >  4'*         0*8  660 

page441), J  ^^^  ^ 

II.  Jiaw  Hide  BeJia, — ^Tho  process  of  tanning,  which    m." 
lofither  diunible,  impairs  its  strength ;  the  tenacity  of  raw^   L 
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being  about  once  and  a  half  that  of  tanned  leather.  When  raw- 
hide is  used  for  belts  or  for  ropes,  it  is  soaked  with  grease  to  keep 
Lt  pliable  and  protect  it  against  the  action  of  air  and  moisture. 

III.  OuUa-Fercha  is  sometimes  used  for  flat  belt&  They  are 
made  of  the  same  dimensions  with  leather  belts  for  transmitting  the 
same  force,  and  are  nearly  of  the  same  weight, 

IV.  Woven  BdU  are  made  of  a  flaxen  or  cotton  fabric;  a  suffi- 
cient number  of  plies  being  used  to  give  a  thickness  equal  to  that 
of  leather  belts,  and  cemented  together  with  Indian  rubber.  When 
made  of  flax,  they  are  said  to  be  about  three  times  more  tenacious 
than  tanned  leather  belts  of  the  same  transverse  dimensiona 

V.  Ropea  and  Cords,  when  of  organic  materials,  are  made  of 
leather,  raw  hide,  and  catgut,  and  of  flax,  hemp,  and  other  vege- 
table fibra  Round  cords  of  leather  and  of  hide  are  made  by 
twisting  strips  of  those  materials  into  round  strands,  and  spinning 
or  plaiting  those  strands  into  ropes.  The  ultimate  tenacity,  when 
the  material  is  of  the  best  kind,  may  be  taken,  for  leather,  as  given 
by  the  table  in  the  first  division  of  this  Article  *  and  for  raw  hide, 
as  one  and  a  half  that  of  leather.  Assuming  the  heaviness,  when 
well  twisted,  to  be  equal  to  that  of  water,  this  will  give  the  follow- 
ing results : — 

fT.*n«.*.T»«^t.n-M  Feetof      Metres  of     Lbs.  on  the      K.  on  the 

LLTiVAn  rBCiciR.  ji^^P^  gjjp^  dronlnr  circular 


Mm. 

Leather, 10,000      3,000       3,360        2*36 

Haw  Hide, 15,000       4,500        5,040        354 

Working  Tension — 
factor  of  safety,  6. 

Ixjather, 1,667  5^®  560         o'39 

Raw  Hide, 2,500  750  840         0-59 

Hemp,  as  used  in  ropes,  is  spun,  or  '*Iaid  up,**  with  a  right- 
handed  twist  into  yams.  Yams  are  laid  up  lefb-handed  into 
strands.  Three  strands  laid  up  right-handed  make  a  hawser;  three 
hawaors  laid  up  left-handed  make  a  cable.  Hempen  ropes  are 
classed  according  to  the  number  and  arrangement  of  their  strands. 
The  following  are  the  commonest  kinds : — 

Hawser-laid  rope, 3  stranda 

Cable-laid  rope  =  3  hawsers  twisted  together, 9  stranda 

Shroud-laid  rope  =  core  or  heart  surrounded  by. 4  sti*anda 

The  ffirth  squared  is  the  dimension  commonly  employed  in 
calculating  the  weight  and  strength  of  hempen  ropes.  The  proof, 
or  testing  load,  is  given  by  multiplying  the  girth  squared  by  one  of 
the  fiictors  in  the  following  table;  the  breaking  load  is  from  two  to 
three  times  the  proof  load;  the  working  load  is  about  one- fourth  of 
the  proof  load :  that  is,  about  one-tenth  of  the  breaking  load. 
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Mnldplier  Mnltipllar  Proof  Stmurtt 

for  Proof  Load.         for  Weight  In  Lragth  of  Rop& 

JAm.  Lb.  per  Faet  JCtawi. 

lOOF&thonuk 

Hawser-laid  rope,  420  93*1         10,920      3.300 

8hroad-laid    „  336  22*4  9,000      2,740 

Cable-laid      „  269  21*5  7,5oo      2,290 

Tarred  Ropes  have  about  three-fourtbs  of  the  strength  of  white 
ropes  of  the  same  size. 

Wire  ropes  contain  a  certain  proportion  of  organic  material  in 
the  hempen  cores  round  which  the  wires  are  spun,  but  it  does  cot 
sensibly  contribute  to  their  strength,  which  will  be  more  fiiilj 
considered  further  on* 


Addbxduh  to  Foot-Nots  to  Articlb  S09,  Pages  349  .\xt:  33J. 

From  some  experiments  made  hj  Mr.  R.  D.  Napier,  fonrting  the  sabject  af  •  yt-y^ 
on  friction  snd  unguents,  read  before  the  PhilosopDical  Sodetj  of  GUsji^w,  on  tbe  l^i 
December,  1874,  by  that  gentleman,  and  experiments  made  by  an  eminent  fiBra^*". 
but  believed  to  be  not  yet  published,  it  may  be  safely  deduced  that  tlie  firicUoii  bet"'* a 
two  bodies  is  a  function  of  the  force  with  which  they  are  pressed  together  smd  (tf  ii-' 
relative  velocity  of  motion.  It  is  further  probable  that  for  substances  witbeot  unc:i*'i*. 
the  friction  increases  with  the  velocity  to  a  certain  maximmn,  and  then  dimiIli?^^. 
Mr.  Napier  believes  his  experiments  shew  ''that  with  mineral  oUs  the  oo-efficient  c 
friction  is  less  at  higher  tnan  at  lower  velocities,  and  that  with  animal  and  veceta  : 
oils  the  reverse  is  the  case ;"  and  further,  with  the  employment  of  oni^ents  the  fnc:.  i 
has  been  found  to  Increase  with  the  velocity  and  vice  rend,  and  alao  to  <iww««s-i>  wiz 
the  velocity  and  vice  verttL  A  very  small  co-eflScient  of  frictaon  was  foond  to  tkraa. 
when  a  small "  quantity  of  water  was  allowed  to  ran  on  the  top  of  oiL"  As  Mr.  Hm^ 
points  oat,  there  is  neoesuty  for  farther  experiment. 


477 

GENERAL  TABLES  OF  THE  STRENGTH  OF 

MATERIALa 


L 

Table  or  the  Besistanoe  or  Materials  to  STBErcHiiro  amd 
Teabiho  bt  a  Dubct  Pulk^  in  p<nmds  avoirdupois  per  square 

Tenadtj  Modoloi  of 

Tearing.  Stretching. 

SiOKEBy  Natural  aitd  AjBnncaAL: 

S^t, } ^^^  ^  300 

GlasBy 99400  8,000,000 

g.  ^  /        9i^oo  13,000,000 

^^ (to  ia,8oo  to  16,000,000 

Mortar,  ordsnorj, 50 

Ubtalb: 

BnuB^  caat^ 18,000  9,170,000 

ft     ▼iWi 49,000        14,330,000 

Bronze  (Copper  8,  Tin  i),. 36,000         0,900,000 

„       Alnminiam, 73,000 

Copper,  cast^ 19,000 

„       sheet, 30,000 

„       bolts, 36,000 

„       vire, 60,000        17,000,000 

Iron,  cast  various  quaHties, T    '3,400        14,000,000 

,  ^      UM/MS  4UtttXMCBy |  ^  39,000        tO  23,^00,000 

„        average, 16,500        17,000,000 

Iron,  wrought^  plates, 5I9OOO 

„       joint^  double  rivetted,  35i7oo 

9,  n      single  rivctted,  28,600 

„       bars  and  bolts, |  ^  ^^  }      29,000,000 

f,       hoop,  best-best, 64,000 

»       ^^ {toiJSI^}     »S.3oo,ooo 

f,       wire-ropes, 5^,000        15,000,000 

Lead,  sheets StSoo  720,000 

Btedbars, I  ,    '^'^   ,    29,000,000 

^  (to  130,000  to  42,000,000 

Steel  plates,  average, 80^000 

Tin,  cast,. 4y6oo 

Zinc, 7^000  to  8,000 
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Uatshiaia  cr  ^f^^in  to  »^'^  " 


70c: 


Timheb  and  othek  Organic  Fibbb: 

Acacia,  &]se.  See  **  Loeost" 

Ash  {Fraxtfwu  excdsiar), 17,000              1,6c: ::. 

Bamboo  (Bambtua  arundinacea),  6,300 

Beech  {Fagu8  sylvaUca)y 11,500              i  ^r- 

Birch  {Betula  alba\ 15,^00              ij^r  ir 

Box  (Bitxus  sempervirena), 20,000 

Ce<iarofLebanon(Ca/ri«iifft«»),  1I9400                 4^- - 

Chestnut  {Caslanea  Veaea)^ |      J®'°^  I         ,,i^: : 

Ehn  {Ulmu8  ecunpestria), / 

14,000    I 

I'll:  Bed -PmeiPifmssylveOria),  L    "'°^             M<'^ 

^            ^           ^'  I  to  14,000       to  i,^r 

„    Spnioe  (Abies  excdsaY /       'j4-- 

^  12,400    \  to  i,8cc 

„    IjaLrch{Larix£uropcBa)r....  L      ^'^^^               9« 

I       /r  ^  ^  10,000        to  1,36c, 

Flaxen  Yarn, about  25,000 

Hazel  (Corylua  A  vellana), 1 8,000 

Hempen  Ropes, from  12,000  to  16,000 

Hide,  Ox,  undressed, 6,300 

Hornbeam  (Carpinus  Belulus),.  20,000 

Lancewood  {GhiaUena  virg(Ua\  23,400 

Leather,  Ox, 4,200                2^r. 

Lignum- Vit«  {Guaiacum  officii  )  j> 

ncUe), J  ' 

Locust  {RobifUa  Pseudo-A  cacia)^  1 6,000 

'Mahogaxiy{Swiete7iiaMahagoni),  <  ,        '^^  > 

Maple  {Acer  canipestris), 1 0,600 

Oak,  European  ( Quercus  sessUi-  (      1 0,000          r ,  200, c  c  : 

JlorasLiidQuercuspedunctdata),  (to  19,800    to  1,7 50,0;: 

„       American  Red  (Quercus  \ 

rubra), ..T }  '°'^5o         a,i5o,oc: 

Silk  fibre, 52,000         1,300,00: 

SycAmore{AoerP8eudO'Pl€Uami8)f  13,000         1,0400c: 

Teak,  IndisLTk  {TectOTia  grandia),  15,000         2,400,'cc: 

„      African,  (?) 21,000         2,300,00; 

Whalebone, *. 7,700 

Yew  {Tcucu9  baccata), 8,000 


1,253^^ 
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11. 

Table  op  the  Resiszanoe  of  Materials  to  Sheabiko  and 
DisTORTiOK,  xn  pounds  a/voirdupois  per  squmn  inch. 

„   .  .  TnnsTcrM 

Bcnstaoce  ElMtldty, 

Matebiaxa                                     to,  „  BMuUnoe  to 

^IetALB:                                                                    ShetiTOg.  DistortioD. 

Brass,  wire-diawziy 5f33090oo 

Oopper, 6,900,000 

Iron,  cast, 27,700        9,850,000 

1.^  -^     -.  f     8,500,000 

»     ^««H SO'^^itoi^oolooo 

^Timber  * 

FirtRedPma, 500*0    800    {^^,]l'^ 

„     Spruce 600  

„     Larch, 970101,700  

Oak, 9,300  82,000 

Ash  and  Elm, 1,400  76,000 


IIL 

Table  of  the  Resistance  of  Materiau  to  Crushiko  bt  a 

Direct  Thrust,  in  pounds  avoirdupois  per  squash  inc^ 

Besi^t;moe 
AIatebiaxa  to 

Crushing. 

6toke8,  Natural  A2xd  AxnnciALi 

Brick,  weak  red, 55o  to  800 

„      strong  red, 1,100 

n      firo, 1,700 

Chalk, 330 

Granite, 5)5oo  to  zi,ooo 

Limestone,  marble, 5i5^o 

•  „         granular, 4,000  to  4,500 

Bandfltone,  strong, 5i5oo 

„         ordinaiy, 3i30o  *<>  4f40O 

Rubble  masonry,  about  fonr-tcnths  of  cut  stone. 

Metals: 

Brass,  cast, 10,300 

Bronze,  Alaminium, 132,000 

Iron,  east,  Tarions  qualities, 82,000  to  145,000 

„        „    average,... 112,000 

„     wrought, about  36^000  to  40,000 
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Hatsbxau.  to 


TmBEBy*  Dry,  crashed  along  the  gnun: 

Ash, 9.::: 

Beech, ^t  . 

Birch, 6,1" 

Blue-Gum  {Eucalyptus  Globulus), 8. : : : 

Box, ic.;:; 

Bullet-tiee  (Aehras  Sideroocylon)^ 14.::: 

Oabacalli, 9.  :: 

Cedar  of  Lebanon, •  5,:  : 

Ebony,  West  Indian  {Brya  Ebemu), lax: 

Kim, •. 10.?:.* 

Fir:  Red  Pine, 5»375  to  6,1:. 

„     American YellowFine(Ptnttftwrta^t9)y  5.4:: 

„     Larch, 5.-: 

Hornbeam, j.-: 

Lignum-VitsB, 9.. .: 

Mahogany, 8^^:: 

Mora  (Mora  excdsa), 9^0:: 

Oak,  British, 10,0c: 

„     Dantzic, y,*:: 

„     American  Red, 6,coo 

Teak,  Indian, t2,ozz 

Water^Gum  (Trislania  neri/olia), ••  1 1,000 


IV. 

Table  of  thb  Resibtakcs  op  Materials  to  BfiKAKuro  Acbos; 

in  pounds  avoirdupois  per  squairs  «ne^ 


«—• 


Matkbiaxj. 


Sandstonet, i,xoo  to  2,360 

Shite, S,ooo 


•  The  iwiitaiioet  itated  an  for  Ay  timber.  Green  timber  »  oneb  wvBkar,  bsrisc 
■ometunet  onlr  balf  Uw  ttxawth  of  d^  timber  tgainat  cruhing. 

f  The  modoiiis  of  mptwv  S  ei^teen  timet  the  kMid  which  u  required  to  break  a  bar 
•f  one  inch  i^iiaia,  aapported  at  two  pointi  one  loot  i^art,  and  loaded  la  tlie  middb 
bttweea  the  poutaof  tapport» 
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BaiblaiiM  to  BiMking^ 
BIiTKBiArjiL  or 

Uodalas  of  Baptnrau 

HxEAU; 

Iron,  cajstf  open-work  beams,  avemge, x  7^000 

n       „    solid  reotangnlar  han,  var.  qualitiesy  33,000  to  43,500 
n       »            »t            n             aversge,^....  AOi^>oo 

„     vrooght^ 40,000  to  54|Ooo 

Timbee: 

Aflh| • xa,ooo  to  14,000 

Beech^ 9,000  to  ia,ooo 

Birch, 11,700 

Blue-Qom, z6,ooo  to  90,000 

Bullet-tree, 15,900  to  99,000 

Cabacalli, 15,000  to  16,000 

Cedar  of  Lebanon, 7y400 

Chestnut, 10,660 

Cowrie  {pammoTa  australis}, xi,ooo 

Ebonjy  West  Indian, 97,000 

Elm, , 6,000  to    9,700 

Fir:  Red  Pine, 79X00  to   9,540 

„     Spmce, 9f9oo  to  19,300 

„     Larch, ^ 5,000  to  10,000 

Oxeenheart  {yedancha  Boduei)^ x6,5oo  to  97,500 

Lanoewood, 17,350 

Lignom-Yitn, 19,000 

Lc^ost, ii,aoo 

Mahogany,  Honduras, 11,500 

„         Spanish, 7>^oo 

Mora, 99,ooo 

Oak,  British  and  Bnssian, 10,000  to  X3,6oo 

„    Dantzie, ^,700 

„     American  Bedy •• xo,6oo 

Poon, ^ X3,30o 

Saul, 16,300  to  90,700 

Ghrcamore, 9,600 

l^eak,  Indian, X9,ooo  to  19,000 

„     African, 1499^ 

Tonka  (fiipieryx  odaraia\ 99,000 

Water-Gum, x7,46o 

Willow  {Solix,  Tarious  species)| — ••  6/00 
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y. — MiSCELLAinSOUS  SUPPLSMENTART   TaBLE. 


Cast  steel  b«r 

Cbarcoal  iron  wire,...., 

Iron  wire  rope, 

Iron  bar,  strong, 

Boiler  plate,  Btron g, . . . . 

Teak  wood, 

Deal, 

Hempen  bawBer, 

Henipenrope,cable-laid, 


DimenaianBL 

lbs. 

I  in.  X  I  in. 

130,000 

area  i  sq.  in. 

girtb  I '27  in. 

I  in.  X  I  in. 

100,000 

4y*8o 
60,000 

area  i  sq.  in. 

50,000 

I  in.  X  I  in. 

15,000 

I  in.  X  I  in. 

girth  I  in. 

girtb  10  in. 

12^000 

1,050 

67,200 

L^QfTth  at 

1  IbL  wci^t. 

in  feet. 


0--97 
6-0 

5o.j:« 
2t  ^ "»: 

03 

iS.ox 

03 

3-0 

40 

26-0 

0-279 

IJ^:5 

VL — SUPPLEMENTABT  TaBLB  FOR  WbOUGHT   IbOV   AVD  SttF. 


Description  of  Material.  *SmS' 

MallkabtiB  Iron. 

Wire^average, 86,000 

Wire— weak, 71,000 

Tork8bire(Lowinoor), . . .  64,  aoo 

„                        from  66,390)     ^ 

to  60,075/    '^• 
Torksbire  (Lowmoor)  "j 

and      Staffordflbire  >  59,740 

rivetiron, ) 

Charcoal  bar, 63,620 

Staffordsbire  bar, . . .  from  63,231  ) 

to  56,715/ 


TenadtT  hi  Vbm.  per  Sqnarp  IndL 


n-r 


Mo. 

T. 
Mo. 
F.  52,490    P. 


R 

F. 

N. 


Torksbire  bridge  iron, ...  4  9,930 

Staffordsbire  bridge  iron,  47,600 

Lanarkshire  bar,... from  64,795)  •»> 

to  51,327} 

Lancashire  bar,. from  60, 1 10  )  <|j 

to  53,775/  • 

Swedish  bar, from  48,933  )  ^^ 

to  4i,25M  *• 

R&issianbar, from  591096)  ^ 

to  49.564/  "' 

Hammered  scrap, 53i420  N. 

^ngle-iron   from)  from  6x,a6o  )  jj 

rious  districts,  /       to  50,056  | 


F.  43,940   F. 

R  44,385 


0'3  to  0-5 


0*3 


■04; 

"04; 

ii5» 

fid, 

r>33 

•166 

-248 


'c:c 
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Tablb — eontinueU. 


Straps  from  van- )  from 
OU8  districts, ...  J      to 
Bowsmcir^s  iron,  cast) 

ingot^ ) 

Bessemet^s  iron,  ham- 1 

mered  or  rolled, .... 
Benemer's  iron,  boiler 

plate, / 

Yorkshire  plates, . .  .from 

to 
Staflbrdshire  plates,  from 

to 
Staffordshire  plates, ) 
best-best,  charcoal,  j 
Staffordshire  )  from 
plates,  best-best,  /  to 
Staffordshire  plates,  best, 
Staffordshire     plates,  1 

common,  ....• j 

lisncashire  plates, 

Lanarkshire  plates,  from 

to 
Durham  plates, 


T«Ufll^lBllit^  per  Square  IndL 

N. 


Ulllinats 


55,937  i 
41,386  / 

41,242 


72,643     W. 


68,319 

58,487  I 
52,000 

56,996 
46,404  j 

45,<»o 
59,820 

49,945 
61,280 

50,820 

48,865 

53,849  1 
43,433  J 
ShUS 


{ 


-108 
-048 


46,221  r 

44,764  / 

F.  41,420  F. 

F.  54,820  F. 

F.  46,470  F. 

F.  53,820  F. 

F.  52,825  F. 

F.  45,015  F. 

^  48,848)  ^ 

^^•39,544/  ^• 
K.  46,71a 


{ 


109;  -059 

•170; -113 
(-04;  -034 

r>3;  -059 
•05;  045 
•05;  -038 

•067;  '©4 
•077;  -045 

•05;  •043 

'043;  "oad 
•033;  -014 
•093;  -046 
'089;  '064 


{ 


EffecU  of  RehecUhig  and  Rolling, 

Paddled  bar, 43,904 

The  same   iron    five 

times  piled,reheated  \  61,894 

and  rolled, 

Th«  same  iron  eleven 

timespiled,  reheated  \  43,904 

andiolledy 


iftren^  <^  Large  Forgings, 

Bars  cut  out  of )  from  47,583  \    ^  44,578 
krge  fofgingi,  f      to  43,759  /         36,824 
Bot  cot  out  of  large  )   ^^^^      j£ 


{ 


•231;  168 
*905;  064 
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Table — caniinuecL 

Tenacitr  fn  Ita.  pa 
Loagtan 


I>McripU<m  of  UaterUL 

Steel  and  Steely  Iron. 

Cast  steel  bars,rol- )  from  132,909  )     -^ 

led  and  forged,  J       to    92,015/ 
Cast  steel  bars,  rolled  ) 

and  forged, 

Blistered    steel   bars, 

rolled  and  forged . . . , 
Shear  steel  bars,  rolled 

and  forged, 

Bessemer*s  steel  bars, 

rolled  and  forged, .. . 
Bessemer's  steel  bars, 

cast  ingots, 
Bessemer's  steel  bars, 

hammered  or  rolled. 
Spring  steel  bars,  ham- 
mered or  rolled,....  j 
Homogeneous    metal ) 

bars,  rolled, 

Homogeneous    metal 

bars,  rolled, 

Homogeneous    metal)     o^^^ 

ba«T  foiled, ;     *»•''* 

Paddled       steel).  ^,.q.\ 


130,000 

R 

104,298 

N. 

118,468 

TS. 

111,460 

K. 

63,024 

W. 

152,912 

W. 

72,529 

N. 

90,647 

K. 

93,000 

F. 

80.724 

N. 

Puddled    Bteel    bars, ) 

I....  / 


90,000       F. 


rolled  and  forged, 

Puddled    steel    bars, )     ^.^  nt*^  M 

rolled andforged,...  /     ^^''S*  ^• 

Mushet's  gun-metal, 103,400  F. 

Cast  steel  plates,.... from    96,289)  ^  97 1 3^8  I     «^ 


69,082  j 


F. 


96,280 


to    75,594 
Cast  steel  plates,... hard,  102,900 

soft,    85,400/ 
Homogeneous    metal ) 

plates,  first  quality, 
Homogeneous    metal )  g 

plates,  second  quality,  j      '  *^ 
Puddled       steel )  from  102,593  )     ^  85,365  )     ^ 

phites, ;      to    7i»53ai    ^-67,686/    ^• 

Puddled  steel  plates,....    93,600       F. 


ntis?-» 


{ 


•097 
•135 
^055 


•180 
•»J7 


-119 


f  191 
\x>9i 


)  97,150)  f 

J       73,580)        ( 


0-034 
/•057;- 
1 -198;  1 
1-031 

I  ^3« 

x>86;  : 


'059;  '^^ 

x>28;  •: 
•082;%:: 
0-125 


{ 
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Table — eorUinued, 

DeBeripaoBorUftterU.  LengtfcwiMt  Crowwlait  Esteaaioa. 

Coleford  Qun-metaL 

Weakest, 108,970^  -190 

StroDgesty 160,540  >   F.  '030 

Mean  of  tea  sorts, i37)34oj  "oya 

In  the  preceding  table  the  following  abbreyiations  are  used  for 
the  names  of  authorities  :^ 

C,  Clay;  F.,  Fairbaim;  H.,  Hodgkinson;  M.,  Mallet;  Ma, 
Morin;  N.,*  Napier  &  Sons;  R,  Eennie;  T.,  Telford;  W., 
Wilmot 

The  column  headed  ''TTltimate  Extension  **  gives  the  ratio  of  the 
elongation  of  the  piece,  at  the  instant  of  braaiking,  to  its  original 
length.  It  furnishes  an  index  (but  a  somewhat  vague  one)  to  the 
ductility  of  the  metal,  and  its  consequent  safety  as  a  material  for 
resisting  shocka 

When  two  numbers  separated  by  a  semicolon  appear  in  the 
column  of  ultimate  extension  (thus  082;  *057),  the  first  denotes 
the  ultimate  extension  lengthwise^  and  the  second  crosswisa 


YII. — Hesilience  of  Iron  and  Steei^ 

TeMd«j.      T«»dtj.        Haatidty.        BesUlenofli 

Cast  iron — ^Weak, I3)400  4,467  14,000,000  i'435 

„          Average, 16,500  5,500  17,000,000  1-78 

„          Strong, 39,000  9,667  22,900,000  4*08 

Bar  iron — Good  average, ..  60,000  20,000  29,000,000  1379 

Plate  iron — Good  average,  50,000  16,667  34,000,000?  11*57! 

Iron  wire— Good  average,  90,000  30,000  25,300,000  35-57 

Steel — Soft, 90,000  30,000  29,000,000  31*03 

„      Hard, 132,000  44,000  42,000,000  46-10 

In  the  above  Table  of  Resilience  the  working  tenacity  is  for  a 
"dead"  or  steady  load.  The  modulus  of  resilience  is  calculated 
bj  dividing  the  square  of  that  working  tenacity  by  the  modulus  of 
elasticity. 

*1%tszpeiiiiMntt  whose  extreme  reenlts  are  marked  N.  were  condaded 
fmUmm,  B»  Hapier  4  Sons  by  Mr.  Kiikaldy.  For  detailt,  see  TVoiuae* 
i||^»  Jfciimifui  jfMHffb^eert  in  BcoOand.  1858-59;  also  Kizkaldy  On 


ifJmMra 
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Vlir. — Supplementary  Table  fob  Cast  Ibos. 


KlndB  of  Iron. 


No.  1.  Cold  blast, |[^**™ 

No.  1.  Hot  blast, |[^*^™ 

No.  2.  Cold  blast, |[^^™ 

No.  2.  Hot  blast, V^^^ 

No.  3.  Cold  blast, |[^°"' 

No.  3.  Hot  blast, V^^^ 

No.  4.   Smelted  by  coke) 
without  sulphur, .) 

Toughened  cast  iron,  ]^q^ 

No.  8.  Hot  blast  after  first) 
melting, 

No.    8.    Hot    blast    after 
twelfth  melting, 

No.    3.    Hot    blast    after 
eighteenth  melting, ... 

Malleable  cast  iron, 


Dire;t 
T«iiMUr. 


12,694 
17,466 

13*434 
16,125 

13,348 

18,855 

13,505 
17,807 
14,200 
15,508 
15,278 
23,468 


23461 

25.764 


48,000 


to  Direct 


56,455 
80,561 

72,193 

88,741 

68,532 

102,408 

82,734 
102,030 

76,900 

115,400 
101,831 

104,881 

129,876 

I  19,457 

98,560 

163,744 
197,120 


IfodBtasor, 


36,693 

39,771 
29,889 

35,3i6 

33^453 
39,609 
28,917 

38,394 
35,8Si 

47,061 

35,640 

43rl97 
41,715 


39,690 
56,060 
25,350 


I 


4  00c. X 

5'3^-  - 
1,55^-: 

5o-- 

2,5ir 

7,03'^-- 

'*  -^Z'  - 

6.5c: 


22,oa?.: 
15,^5:-^ 

22,733- 


It  is  to  be  understood  that  the  numbers  in  one  line  of  the  " 
ceding  table  do  not  necessarily  belong  to  the  same  ^Mcunen  of  l* 
each  number  being  an  extreme  result  for  the  kind  of  iron  spec. 
in  the  first  column. 
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OUAPTER  IT. 

PRJKCIFLES  AHO  BULES  BSLATIHO  TO  flrBSBOTR  AKD  gTiFriima. 

41L  The  oiiiect  ^r  tMa  €A«v«cr  u  to  give  a  sammarj  of  the 
principles,  and  of  the  general  rales  of  calculation ,  which  are 
applicable  to  problems  of  strength  and  stiffness,  whatsoeyer  the 
particular  material  may  be.  It  is  to  a  certain  extent  identical 
with  a  similar  summary  which  appeared  in  A  Matmcd  of  CHvU 
Unginearingy  but  modified  to  adapt  its  principles  to  the  problems 
which  occur  in  machinery.  Various  special  problems  relating  to 
madiinery  will  be  oonsideored  in  the  thinl  Chapter. 

Section  I. — 0/ Strength  and  Siiffkesa  in  General. 


y 


•>/ 


412.  l<— J.  iitrt— ,  0tnto,  liinHftii — ^The  Xoady  or  combination 
of  external  forces,  which  is  applied  to  any  [neoe,  moving  or  fixed, 
in  a  machine,  produces  tireee  amongst  the  particles  of  that  piece, 
being  the  combination  of  forces  which  they  exert  in  resisting 
the  tendency  of  the  load  to  disfigure  and  break  the  piece,  ac- 
companied by  jfratfi,  or  alteration  of  the  volumes  and  figures  of 
the  whole  piece,  and  of  each  of  its  particles. 

If  the  load  is  continually  increased,  it  at  length  nroduces  either 
fratiiuire  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  as  is  practically  equivalent  to  fracture,  by  rendering 
the  piece  useless. 

The  Ultimate  Strength  of  a  body  is  the  load  required  to  produce 
fracture  in  some  specified  way.  The  Proof  Strength  is  the  load 
it  required  to  produce  the  greatest  strain  of  a  specific  kind  con- 
j;'  sistent  with  safety;  that  is,  with  the  retention  of  the  streDgUi  of 
the  material  nnimpaired.  A  load  exceeding  the  proof  strength  of 
the  body,  although  it  may  not  produce  in^nt  fncture,  produces 
fracture  erentually  by  long-continued  application  and  frequent 
repetition. 

The  Working  Load  on  each  piece  of  a  machine  is  made  less  than 
the  ultimate  strength,  and  less  than  the  proof  strength,  in  certain 
ratios  determined  partly  by  experiment  and  partly  by  practical 
experience,  in  order  to  provide  for  unforeseen  oontingenoies. 

Esdi  solid  has  as  many  different  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown  iu 
the  following  classification:— 
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Elementary l  Extendon     Tearing. 

^  \  Compressioa CniBhingL 

I  Distortion    Shearing 

Compound <  Twisting      WrenduDg. 

(  Bending       Breaking  across 


413.  C«-eflclMrts  mr  Sl^dali  ^f  Straigik  are  quantities  exprei?'  : 
the  intensity  of  the  stress  under  which  a  piece  of  a  giT«i  mjOer^ 
gives  way  when  strained  in  a  given  manner;  sach  intensity  h-sz 
expressed  in  units  of  weight  for  each  unit  of  sectional  axca  of  :. 
layer  of  particles  at  which  the  body  first  begins  to  yield.  I: 
Biitain,  the  ordinary  unit  of  intensity  employed  in  expressing  :. 
strength  of  materials  is  the  pound  avoirdupois  on  the  square  u.i 
^s  to  other  units,  see  Article  302,  page  342. 

Co-efficients  of  strength  are  of  as  many  different  kinds  as  tL  r> 
are  different  ways  of  breaking  a  body.     Their  use  will  be  explAi: 
in  the  sequel.      Tables  of  their  vtidues  are  given  at  the  eni  .. 
the  volume. 

Co-efficients  of  strength,  when  of  the  same  kind,  maj  still  r-.r 
according  to  the  direction  in  which  the  stress  is  applied  to  :: 
body.     Thus  the  tenacity,  or  resistance  to  tearing,  of  most  kinh 
wood  is  much  greater  against  tension  exerted  along  than  acr.--^ 
the  grain. 

414.  Wmetmn  •€  S«f«tr« — ^A  factor  of  safety,  in  the  ordinary  se^:^ 
is  the  ratio  in  which  the  load  that  is  just  sufficient  to  overc  >- 
instantly  the  strength  of  a  piece  of  material  is  g^reater  than  t: 
greatest  safe  ordinary  working  load. 

The  proper  value  for  the  factor  of  safety  depends  on  the  n.a:  ^ 
of  the  material;  it  also  depends  upon  how  the  load  is  aj>])l.ei 
The  load  upon  any  piece  in  a  structure  or  in  a  machine  is  dl^^ 
guished  into  dead  load  and  live  load,  A  dead  load  is  a  load  wl.  . 
is  put  on  by  imperceptible  degrees,  and  which  remains  stead  j ;  sj  ^ 
as  the  weight  of  a  structure,  or  of  the  fixed  framing  in  a  macliiL 
A  live  had  is  one  that  is  or  may  be  put  on  suddenly,  or  ace  c- 
panied  with  vibration;  like  a  swift  train  travelling  over  a  miiw.; 
bridge;  or  like  most  of  the  forces  exerted  by  and  upon  the  moviL. 
pieces  in  a  machine. 

It  can  be  shown  that  in  most  cases  which  occur  in  practice  i 
live  load  produces,  or  is  liable  to  produce,  Uoioe^  or  veiT-  near!/ 
twice,  the  effect,  in  the  shape  of  stress  and  strain,  which  an  ei| '.^ 
dead  load  would  produce.  The  fMan  intensity  of  the  stress  yr- 
duced  by  a  suddenly  applied  load  is  no  greater  than  that  pTodi]t.v: 
by  the  same  load  acting  steadily;  but  in  the  case  of  the  siiddeLl; 
applied  load,  the  stress  begins  by  being  insensible,  increases  i 
double  its  mean  intensity,  and  then  goes  through  a  aeries  d 

^^uations,  ^temately  below  and  above  the  meaUi  acoompani.i 
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l>y  vibration  of  the  strained  body.  Hence  the  ordinary  practice  is 
to  make  the  fiictor  of  safety  for  a  live  load  cUnMe  of  the  factor 
•of  safety  for  a  dead  load 

A  distinction  is  to  be  drawn  between  real  and  apparent  fiictors  of 

safety.     A  real  factor  of  safety  is  the  ratio  in  which  the  ultimate  or 

i  breaking  stress  is  greater  than  the  real  working  stress  at  the  time 

-when  the  straining  action  of  the  load  is  greatest     The  apparent 

factor  of  safety  has  to  be  made  greater  than  the  real  factor  of 

safety  in  those  cases  in  which  the  calculation  of  strength  is  based, 

not  Qpoxi  the  greatest  straining  action  of  the  load,  but  upon  a  mean 

straining  action,  which  is  exceeded  by  the  greatest  straining  action 

in  a  certain  proportion.     In  such  oases  the  apparent  factor  of 

safety  is  the  product  obtained  by  multiplying  the  real  fiictor  of 

safety  by  the  ratio  in  which  the  greatest  straining  action  exceeds 

the  mean. 

Another  class  of  cases  in  which  the  apparent  exceeds  the  real 

factor  of  safety  is  when  there  are  additional  straining  actions 

besides  that  due  to  the  transmission  of  motive  power,  and  when  those 

additional  actions,  instead  of  being  taken  into  account  in  detail,  are 

allowed  for  in  a  rough  way  by  means  of  an  increase  of  the  fieictor  of 

safety.     A  third  class  of  cases  is  when  there  is  a  possibility  of  an 

increased  load  coming  by  accident  to  act  upon  the  piece  under 

consideration.     For  example,  a  steam  engine  may  drive  two  lines 

of  shafting,  exerting  half  its  power  on  each;  one  may  suddenly 

break  down,  or  be  thrown  out  of  gear,  and  the  engine  may  for  a 

short  time  exert  its  whole  power  on  the  other. 

The  following  table  shows  the  ordinary  values  of  real  factors  of 
safety : — 

BiuL  Facnu  ov  SAntrr. 
DeadLoid.      LItoIxMd. 

Perfect  materials  and  workmanship, 2  4 

Ordinary  materials  and  workmanship^ 

Metals, 3  6 

Wood,  Hempen  Ropes, from  3  to  5  10 

Masonry  and  Brickwork, 4  8 

The  following  are  examples  of  apparent  fitctors  of  safety: — 

OwaUrt  Effort    v£S!?9 
BMlFtetorofSafe^.a  «zee«dalfaan    ^SSSLr 

Steam  engines   acting  against  a  constant 
resistance-* 

Single  engine,. • 1*6  9-6 

Pair  of  engines  driving  cranks  at  right )  ^.^ 

angles, J 

Three    engines   driving   equiangular)  ^. 

dranks^ j         '"^5  *>'3 
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«-o  iro 


from  i8  to  jS 


Ordinary  cases  of  TurTUkg  effort  and  ) 
resistance, - J 

Lines  of  shafting  in  millwoik;  apparent' 
factor  of  safety  for  twisting  stresB 
due  to  motive  power,  to  oorer  allow- 
ances for  bending  actions,  accidental 
extra  load,  &c., 

Almost  all  the  experiments  hitherto  made  on  the 
materials  give  oo-efficients  or  moduli  of  ultimate  wiarenffth; 
co-efficients  expressing  the  intensity  of  the  stress  exerled  tj  *. 
most  severely  strained  particles  of  the  material  just  before  it  r 
way.     In  calculationB  for  the  purpose  of  designing  fmmeT  r^ .' 
machinery  to  bear  a  given  working  load,  there  are  two  w^j : 
using  the  factor  of  safety,— one  is,  to  multiply  the  working  .  - 
by  the  factor  of  safety,  so  as  to  determine  the  breakiiig  lo^l  ^ 
use  this  load  in  the  calculation,  along  with  the  modulus  of  nluz^ 
strength:  the  other  is,  to  divide  the  modulus  of  ultimate  shvl; 
by  the  factor  of  safety,  and  thus  to  find  a  modulus  or  oo-e5:.-.. 
of  working  stress^  which  is  to  be  used  in  the   calculaticHi,  a.  r.' 
with  the  working  load.     It  is  obvious  that  the  tvro  methods  ir 
mathematically  equivalent,  and  must  lead  to  the   same  ^e^: 
but  the  latter  is  on  the  whole  the  more  oonvenient  in  desigu-. 
machines. 

415.  The  Wwuk  or  VcMlag  by  experiment  of  the  stren^h  I* 
piece  of  material  is  conducted  in  two  different  ways^  acconiiii^  '^> 
the  object  in  view. 

I.  If  the  piece  is  to  be  afterwards  used,  the  testing  load  must  I* 
so  limited  that  there  shall  be  no  possibility  of  its  impairing  :^- 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proq/'str€n;fi 
being  from  one-third  to  one-half  of  the  ultimate  strength.  Abr* 
double  or  treble  of  the  working  load  is  in  general  sufficients  C^^ 
should  be  taken  to  avoid  vibrations  and  shocks  when  the  lestir^ 
load  approaches  near  to  the  proof  strength. 

II.  If  the  piece  is  to  be  sacrificed  for  the  sake  of  aaoertaining  tL> 
strcngth  of  the  material,  the  load  is  to  be  increased  by  degrees  mit'i 
tlie  piece  breaks,  care  being  taken,  especially  when  the  breaking 
point  is  approached,  to  increase  the  load  by  small  quantities  at  ^ 
time,  so  as  to  get  a  sufficiently  precise  result 

The  proof  strength  requires  much  more  time  and  tfouUe  £ar  in 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strangth  of  a  piece  is  to  apply  a  modBiats  Icai 
and  remove  it,  apply  the  same  load  again  and  xemoTS  it^  two  or 
three  times  in  succession,  observing  at  each  time  of  applicatbn  ot 
the  load  the  strain  or  alteration  of  figure  of  the  |Meos  when  loaded, 
by  stretching,  compresnon,  bending,  distortion^  or  twirtini^  at  the 


FROOP  OR  TBBOriHO — gTAFFHISa — PLUBIUTT.  491 

^se  iDfty  be.    If  tliat  alteration  does  noi  mnmbly  utereoM  br  re- 

^^'*ated  applications  of  the  same  load,  the  load  is  within  the  limit 

' — "  proof  Btrangth.     The  effects  of  a  greater  and  a  greater  load  being 

^ 'iccessiveljr  tested  in  the  same  way,  a  load  will  at  kngth  be  reached 

^"'  hose  successive  applications  produce  increasing  disfigurements  of 

'ae  piece;  and  this  load  will  be  greater  than  the  proof  strength, 

/^rhich  will  lie  between  the  last  load  and  the  last  load  but  one  in 

he  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  sel — that  is,  a 
iisfigurement  which  continues  after  the  removal  of  the  load — was  a 
Aist  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
showed  that  supposition  to  be  erroneous,  by  proving  that  in  most 
materiab  a  set  is  produced  by  almost  any  load,  how  small  so- 
ever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
-  weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
'  ance  of  pillars  to  crushing,  more  powerful  and  complex  mechanism 
''  is   required.      The  apparatus  most  commonly  employed  is  the 
'  hydraulic  presa     In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
'   a  weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  a  pressure 
gauge.    This  remark  applies  also  to  the  proving  of  boilers  by  water 
pressure.     From  ex|)eriments  by  Messrs.  Hick  and  Liithy  it  ap- 
|)ears  that,  in  calculating  the  stress  produced  on  a  bar  by  means  of 
a  hydraulic  press,  the  fnction  of  the  collar  may  be  allowed  for  by 
deducting  a  force  equivalent  to  the  pressure  of  the  water  upon  an 
area  of  a  length  equal  to  the  circumference  of  the  collar^  and  one- 
eightieth  of  an  inch  broad.     (See  page  444.) 

For  the  exact  determination  of  general  laws,  although  the  load 
may  be  applied  at  one  end  of  the  piece  to  be  tested  by  means  of  a 
hydraulic  press,  it  ought  to  be  resisted  and  measured  at  the  other 
end  by  means  of  a  combination  of  levera 

416.  9f»mkmm  ^r  BlgMltr,  PtteMUtjrt  itelr  ■•4all  ^r  €■  ■■clala 

— Rigidity  or  stiffness  is  the  property  which  a  solid  body  possesses 
of  resisting  forces  tending  to  change  its  figure.  It  may  be  expressed 
as  a  quantity,  called  a  modulua  or  eo-^ficietU  ofsHfiieMf  by  taking 
the  ratio  of  the  intensity  of  a  given  stress  of  a  given  kind  to  the 
strain,  or  alteration  of  figure,  with  which  that  stress  is  acoom- 
panied — that  strain  being  expressed  as  a  quantity  by  dividing  the 
alteration  of  some  dimension  of  tho  body  by  the  original  length  of 
that  dimension.  In  most  materials  which  are  used  in  machinenr, 
the  moduli  of  stilfiiea^  thongh  not  exactly  constant^  are  nearly 
constant  for  bIwissm  Bei  exceeding  tlie  proof  strength. 
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The  reciproca)  of  a  modulus  of  stiffness  may  be  called  a  "  mln^ii 
ofpliabilUy;^  that  is  to  saj, 

Intensity  of  Stress 
Modulus  of  Stifihess  = ^     . ; 

Modulus  of  Pliability  =  t— — - — ^=-=— — . 

'       Intensity  of  Stress 

The  use  of  specific  moduli  of  stiffness  will  be  explained  in : 
sequel.     Values  of  them  are  given  in  the  tables  prefixed  tj  .:• 
chapter. 

417.  The  BlMadtr  ^r  a  Soiui  consists  of  stiffness,  or  resi^:^ 
to  change  of  figure,  combined  with  the  power  of  recovering  - 
original  figure  when  the  straining  force  is  withdrawn.  If '-' 
recovery  is  complete  and  immediate,  the  body  is  perfeoUy  dzt' 
if  there  is  a  m^,  or  permanent  change  of  figure,  after  the  rex  - 
of  the  straining  force,  the  body  is  imperfectly  elaetic  The  el^:'-" 
of  no  solid  substance  is  absolutely  perfect,  but  that  of  maoT  s:  - 
stances  is  nearly  perfect  when  the  stress  does  not  exceed  tbe  y-r  : 
strength,  and  may  be  made  sensibly  perfect  by  restricting  ti^e  at:^ 
within  small  enough  limits. 

Moduli  or  Co-efficienta  o/Elaslicily  are  the  values  of  moduli 
stiffness  when  the  stress  is  so  limited  that  the  value  of  each  of  tb ';' 
moduli  is  sensibly  constant,  and  the  elasticity  of  the  body  sens:.; 
perfect 

418.  ■cslli«Be0  or  flpriim  is  the  quantity  of  meehameal  irt/rv  !^ 
quired  to  produce  the  proof  stress  on  a  given  piece  of  mateml  ^-' 
is  etiual  to  the  product  of  the  proof  strain^  or  alteration  of  H-"" 
into  the  mean  load  which  acts  during  the  production  of  that  str^^ 
that  is  to  say,  in  general,  very  nearly  one-half  of  the  proof  losi^i- 

419.  KeickM  M*  M^9mtgtkm  •€  H«4aU  mt  ftMtecM  mmM  Butm^'' 

The  term  height  or  length,  as  applied  to  a  modulus  or  co-efficieo:  • 
strength  or  of  stiffness^  means  the  length  of  an  imaginaiy  verii^ 
column  of  the  material  to  which  the  modulus  belongs,  J^^ 
weight  would  cause  a  pressure  on  its  base  equal  in  inteositj  *^ 
the  stress  expressed  by  the  given  modulus.  Hence 
Height  of  a  modulus  in  feet 

^  Modulus  in  lbs,  on  the  square  foot 

^  Heaviness  of  material  in  lbs.  to  the  cubic  foot 

Modulus  in  lbs,  on  the  square  inch 
^  Weight  of  12  cubic  inches  of  the  material' 

Height  of  a  modulus  in  inches 

Modulus  in  lbs,  on  the  square  inch , 

"*  Heaviness  of  material  in  lb&  to  the  cubic  inch' 
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Height  of  a  moduloB  in  metres 

^^ Modnlua  in  kilogram mea  on  the  square  m^tre 

Heaviness  of  material  in  kilogrammes  to  the  cubic  mdtre' 

Several  examples  of  tlus  mode  of  stating  the  intensity  of  stress 
have  already  been  given;  as  at  pages  474,  475;  and  in  the  Tables, 
page  482. 

Section  11,— Of  Resistance  to  Dived  Tension, 

420.   Streaglkt  0UAm«,  aad  BcalltoBM  •€  a  Tie. — ^The  Word  tie 

is  here  used  to  denote  any  piece  in  framing  or  in  mechamsro,  such 
as  a  rod^  bar,  band,  cord,  or  chain,  which  is  under  the  action  of  a 
pair  of  equal  and  opposite  longitudinal  forces  tending  to  stretch 
it,  and  to  tear  it  asunder.  The  common  magnitude  of  those  two 
forces  is  the  load;  and  it  is  equal  to  the  product  of  the  sectional 
area  of  the  piece  into  the  intensity  of  the  tensile  stress.  The 
values  of  that  inteusity,  corresponding  to  the  immediate  breaking 
load,  the  proof  load,  and  the  working  load,  are  called  respectively 
the  moduli  or  co-efficients  of  vltimoJte  tenacity ,  oi  proof  tension^  and 
of  working  teneion. 

In  symbols,  let  P  be  the  load,  S  the  sectional  area,  and  p  the 
intensity  of  the  tensile  stress;  then 

P=P& 0) 

If  the  sectional  area  varies  at  different  points,  the  least  area  is  to 
be  taken  into  account  in  calculations  of  strength. 

The  elongation  of  a  tie  produced  by  any  load,  P,  not  exceeding 
the  proof  load,  is  found  as  followa,  provided  the  sectional  area  is 
uniform. 

Let  X  denote  the  original  length  of  the  tie,  d  x  the  elongation, 

Ck  X 

and  •  =s  -     the  extension;  that  is,  the  proportion  which  that 

X 

elongation  bears  to  the  original  length  of  the  bar,  being  the 
numerical  measure  of  the  strain. 

Let  £  denote  the  modulus  of  direct  dcuiicUy^  or  resistance  to 
stretching,  for  examples  of  which,  see  the  Tables.     Then 

•  =  ^:  A«  =  •«  "2^ t^) 

Let/'  denote  the  proof  tension  of  the  material,  so  that/'  S  is  the 
proof  load  of  the  tie;  then  the  proof  extension  is/'  -^  K 

The  ■— ill— ce  or  spHas  of  the  tie,  or  the  work  done  in  stretch- 
ing it  to  the  limit  of  proof  strain,  is  computed  as  followa.  The  length, 
as  before,  being  x,  the  elongation  of  the  tie  produced  by  the  proof 
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load  laf  a;  •;-  R     The  force  which  acts  throagh  this  vpaot  h&sir 
its  least  value  0,  for  its  greatest  Talae  P  =^  S,  and  for  its  m*^ 
value  /*  S  -T-  2;  80  that  the  work  done  in  stretcliing  the  tie  to  ti 
proef  strain  is 

2   •   E        E'T - ^ 

The  co-efficient/'*  -=-  E,  by  which  one-half  of  the  volume  of  th* 
tie  is  multiplied  in  the  above  formula,  is  called  the  Modults  f 
Resiliencel     For  examples  of  its  value,  see  the  Tables,  page  4^  '> 

A  sv/Men  pull  of  /*  S  -^  2,  or  one-half  of  the  proof  load,  be:  z 
applied  to  the  bar,  will  produce  the  entire  proof  strain  of  y  -^  E 
which  is  produced  by  the  gradual  application  of  the  ptoof  ki: 
it-self;  for  the  work  performed  by  the  action  of  the  constant  for* 
/*  S  —  2,  through  a  given  space,  is  the  same  with  the  wovk  p^ 
formed  by  the  action,  through  the  same  space,  of  a  force  increas  i: 
at  an  uniform  rate  from  0  up  to/*  S.  Hence  a  tic,  to  resist  «^/. 
safety  the  sudden  application  of  a  given  pull,  requires  to  hare  nr^ 
the  strength  that  is  necessary  to  resist  the  gradual  application  &: . 
steady  action  of  the  same  pull.  This  is  an  illnstiation  of  tb 
principle,  that  the  fector  of  safety  for  a  live  load  is  twice  that  fcr  i 
dead  load. 

421.  tmh  CyHadrioil  ■■«  8|*crfcid  siMlls. — ^Let  r  denote  t\' 
radius  of  a  thin  hollow  cylinder,  such  as  the  shdl  of  a  hig|i-pEC5s:rt 
boiler; 

ty  the  thickness  of  the  shell ; 

f^  the  ultimate  tenacity  of  the  material,  in  pounds  per  squirt 
inch; 

j9,  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re^ 
quired  to  burst  the  shell  This  ought  to  be  taken  at  six  nxEs  th- 
effective  working  pressure — effective  prtasure  meaning  the  excess  <•: 
the  pressure  from  within  above  the  pressure  from  withont,  whi.L 
last  is  usually  the  atmospheric  pressure,  of  147  Iba  on  the  aqnan 
inch  or  thereabouts. 

Then 

ft 

»  =  T' - ^^J 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  U: 
formula, — 

t      p 

v=/ (-) 

Thin  ^herical  shells  are  twice  aa  strong  as  cyliadnoal  skrll-r  d 
the  same  ndius  and  thickness. 

The  tenacity  of  good  wiought-iron  boiler-plates  is  about  50,000  Iha 
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per  square  iuch.  That  of  a  donble-rivetted  joint,  per  square  inch 
of  the  iron  left  hettoeen  the  rivei  holes  (if  drilled,  and  not  punched), 
is  the  same;  that  of  a  single-rivetted  joint  somewhat  less,  as  the 
tension  is  not  uniformly  distributed.  It  is  convenient  iu  practice 
to  state  the  tenacity  of  rivetted  joints  in  lbs.  per  square  inch  of 
ike  entiire  pUUe;  and  it  is  so  stated  in  th«  annexed  table,  in  which 
the  results  lor  rivetted  joints  are  from  the  experiments  of  Mr. 
Fairbaim,  and  that  for  a  welded  joint  from  an  experiment  by  Mr. 
Dunn.  The  joints  of  plate-iron  boilers  are  single  rivetted;  bat 
from  the  manner  in  which  the  plates  break  joint,  the  idtimate 
tenaeity  of  soch  boilers  is  considered  to  approach  more  nearly  to 
that  of  a  double-rivetted  joint  than  to  that  of  a  single-rivetted 
joints 

Wrought-iron  plate  joints,  double-rivetted,  the  dia- 
meter of  eadi  hole  being  iV  of  the  pitch,  or  dis- 
tance from  centre  to  centre  of  holes, 35>ooo 

WroQght-iron  plate  joints,  singlv  rivetted, 38,000 

Wronght-iron  tMuler  shells,  with  single-rivetted  joints 

properly  Grossed, 34»ooo 

Wrought-iron  retort,  with  a  welded  joint, 3o>75o 

Gast-ii*on  boilers,  <^]inders,  and  piper  (average), 1 6,500 

Malleable  cast-iron  ^lind^n, 48,000 


423.  Tkich  mMmw  Cyiiadfln  «■<  (ipfcci— ,  The  assumption  that 
the  tension  in  a  hollow  cylinder  or  sphere  is  uniformly  distributed 
throughout  the  thickness  of  the  shell  is  approximately  true  only 
when  the  thickness  is  small  as  compared  witn  the  radios. 

Let  R  represent  the  external  ana  r  the  internal  radius  of  a  thick 
hollow  cylinder,  such  as  a  hydraulic  press,  the  tenacity  of  whose 
material  is  f  and  whose  bunting  pressure  is  p.  Then  we  must 
have 

R«  +  r«     /' ^^' 

and,  »WM»<pieQtlv, 

?-V^^)^ « 

by  means  of  which  formula,  when  r,  /)  and  p  ara  given,  K  may  be 
computed. 

In  the  case  of  a  hollow  sphere  the  following  formuln  give  the 
ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the  external 
to  the  internal  ndins:— 

p      2  R»  ->  2  r> 

7  "    R»  +  2f«^ <^) 
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h^y&T^) >« 


Section  III. — O/Benstanee  io  Dialortion  and  Shaariug, 

423.  mmmniwm  wmA  SkcBrias  Btnm  tai  CtoMnd. — ^In  fnmeT..:> 
and  mechanism  many  cases  occur  in  which  the  principal  pieces,  5^:: 
as  plates,  links,  bai*s,  or  beams,  being  themselves  subjected  to  a: 
sion,  pressure,  twisting,  or  bending,  are  connected  with  each  oihr.n 
their  joints  by  riyets,  bolts,  pins,  keys,  or  screws,  which  are  uTi'.-r. 
the  action  of  a  shearing  force,  tending  to  make  them  give  way  r 
the  sliding  of  one  part  over  another. 

Every  shearing  stress  is  equivalent  to  a  pair  of  direct  stressti : 
the  same  intensity,  one  tensile  and  the  other  compressiva,  eie.: 
in  directions  making  angles  of  45^  with  the  shearing  stresa  Hev 
it  follows  that  a  body  may  give  way  to  a  shearing  stress  either . 
actual  shearing,  at  a  plane  parallel  to  the  direction  of  the  she&r /^ 
force,  or  by  tearing,  in  a  direction  making  an  angle  of  AS*  with  ::- 
force.  The  manner  of  breaking  depends  on  the  structure  of  :' 
material,  hard  and  brittle  matenals  giving  way  by  tension,  aDd>* 
and  tough  materials  by  shearing. 

When  a  shearing  force  does  not  exceed  the  limit  within  vl^  - 
moduli  of  stiffness  are  sensibly  constant^  it  prodnces  distortioii  <^- 
the  body  on  which  it  acts.  Let  q  denote  the  intensity  of  she&n:.' 
stress  applied  to  the  four  lateral  faces  of  an  origmalljr  squ^"*- 
prismatic  particle,  so  as  to  distort  it;  and  let  »  be  the  di^<J^-': 
expressed  by  the  tangent  of  the  difference  between  eaok  of  ike  diMora- 
angles  of  the  priem  and  a  right  angle;  then 

?  =  C. (1 ) 

is  the  modulus  oftransveree  dastidiy^  or  resistance  to  distartkn;  (^ 
which  examples  are  given  in  the  tables,  page  479. 

One  mode  of  expressing  the  distortion  of  an  originally  ^^"'^ 
prism  is  as  follows : — Let  «  denote  the  proportionate  elongatioc  • 
one  of  the  diagonals  of  its  end,  and  —  m  the  proportionate  short<-' 
ing  of  the  other;  then  the  distortion  is 

f  =  2fi. 

C 
The  ratio  -^  of  the  modulus  of  transverse  elasticity  to  the  moaii  ^ 

of  direct  elasticity   defined  in  Article   420,  page  493,  hss  d::- 

ferent  values  for  different  materials,  ranging  from  0  to  w»   ^' 

wrought  iron  and  steel  it  is  about  u. 
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The  uhimaie  shearing  strength,  or  modulus  of  resistanoe  to 
shearing, — in  other  words,  the  intensity  of  the  greatest  shearing 
stress  when  the  body  is  on  the  point  of  giving  way, — ^is,  in  wrought 
iron  and  steel,  and  most  other  metals,  equal,  or  nearly  equal,  to  the 
tenacity :  in  cast  iron  it  is  about  once  and  a  half  greater  than  the 
tenacity;  in  timber  it  is  nearly  equal  to  the  tenacity  across  the 
grain.     (See  the  Tables,  page  479.) 

424.  0craigih  •€  Wmmmmimg^  aad  J«laf-Ptaa.^ — The  connecting 
pieces  already  referred  to  as  being  exposed  to  the  action  of  a  shear- 
ing force  may  be  distinguished  inio/cuteningSy  such  as  rivets,  keys, 
wedges,  gibs  and  cottars,  and  screws,  by  which  two  pieces  are 
secured  together  so  as  to  act  as  one  piece;  HXid  joint-pine,  by  which 
two  pieces  ai*e  so  connected  as  to  be  free  to  turn  about  the  joint. 
It  is  obvious  that  the  figure  of  a  joint-pin,  as  well  as  that  of  the 
hole  or  socket  in  which  it  works,  must  be  that  of  a  surface  of 
revolution,  such  as  a  circular  cylinder;  and  that  the  fit,  though 
accurate,  must  be  easy,  like  that  of  an  axle  in  its  bearings.  Most 
fastenings  and  joint-pins  are  exposed  to  a  bending  as  well  as  to  a 
shearing  action,  and  in  some  cases  the  most  severe  stress  is  that 
arising  from  the  bending  action;  but  in  other  cases  the  most  severe 
stress  is  that  produced  by  the  shearing  load.  These  latter  cases 
are  as  follows  : — ^All  rivets,  keys,  and  other  fastenings  which  are 
tightly  jammed  in  their  holes;  all  cylindrical  joint-pins,  fixed  at 
one  end,  in  which  the  length  of  the  loaded  poirt  is  less  than  one- 
third  of  the  diameter;  and  all  cylindrical  joint-pins,  fixed  at  both 
ends,  in  which  the  length  of  the  loaded  part  is  less  than  two- 
thirds  of  the  diameter. 

In  order  that  the  shearing  stress  on  a  connecting  piece  may  be 
uniformly  distributed  over  the  cross-section,  it  is  necessary  that 
the  fastening  should  be  held  so  tight  in  its  hole  or  socket  that  the 
friction  at  its  surface  may  be  at  least  of  equal  intensity  to  the 
shearing  stress;  and  then  the  intensity  of  that  stress  is  represented 
simply  by  P  -^  A;  P  being  the  shearing  load,  and  A  the  area 
which  resists  it. 

But  when  the  connecting  piece  fits  easily,  as  must  always  be  the 
case  with  joint-pins,  the  grecUeet  intensity  of  the  stress,  to  which  the 
strength  of  the  connecting  piece  must  be  adapted,  exceeds  the 
mean  intensity  P  -§-  A,  in  a  ratio  which  depends  on  the  figure  of 
the  cross-section ;  and  whose  values,  for  the  ordinary  figures,  are 

for  rectangular  cross-sections,  ^; 

4 
for  circular  and  elliptic  cross-sections,  ^; 

and  the  sectional  area  must  accordingly  be  made  greater  in  that 

2k 
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nttio  than  tbe  area  which  would  have  been  aaffideot  bid  th- 
eonnectiiig  piece  fitted  tightJy. 

The  chi^  kinds  of  oonnecting  piecea,  to  which  these  princiil^ 
have  to  be  applied,  will  now  be  considered  aeparately. 

425.  RiwtB  are  made  of  the  most  tough  and  ductile  metoL   (S», 
fe  example,  **  Bivet  Iron,"  in  pages  460  and  482.) 

The  oidinary  dimensions  of  rivets  in  practice  are  as  fbHowg:— 

Diameter  of  a  rivet  for  plates  less  than  half  an  inch  thick,  sboc* 
double  ^e  thickness  of  the  plate. 

For  plates  of  half  an  inch  thick  and  upwards^  about  onoe  and  v 
haJf  the  thickness  of  the  plata 

Lenffth  of  a  rivet  before  clenching,  measuring  from  the  be&d  = 
sum  of  the  thicknesses  of  the  plates  to  be  connected  4-  i^ 
diameter  of  the  rivets 

The  longitudinal  compression  to  which  a  rivet  is  sabj^r/: 
during  the  operation  of  clenching,  whether  bj  hand  or  by  machin^^ 
tends  to  make  it  fit  its  hole  tightly,  and  thus  to  produce  nnii:^ 
distribution  of  the  stress ;  but  as  such  uniformity  cannot  be  ts 
pected  to  be  always  realized,  it  is  usual  to  assume^  in  pnctioe,  t: 
there  is  a  deviation  from  uniformity  of  shearing  stress  soffideB; ' 
neutralize  the  greater  toughness  of  the  metal  in  the  rivets  thiii ' 
the  plates  which  they  connect ;  and,  therefore,  the  distance  ty^ 
of  the  rivets  used  to  connect  two  pieces  of  metal  plate  together  .- 
r^ulated  by  the  rule,  that  the  joint  aectumal  area  of  the  rivets  y-^ 
he  equal  to  the  eectional  area  of  pUUe  left  afiat  pumcMng  the  rv> 
holes.     This  rule  leads  to  the  following  algebraic^  £DEmula:— 

Let  t  denote  the  thickness  of  the  plates ; 
cf,  the  diameter  of  a  rivet ; 
n,  the  number  of  ranks  of  rivets  ; 

it  being  understood  that  the  rivets  which  form  a  rank  stand  i: 
line  perpendicular  to  the  direction  of  the  tension  which  teiia^ 
pull  the  plates  asunder. 

e,  the  pitch,  or  distance  from  centre  to  eentre  of  tibe  ati;  - 
ing  rivets  in  one  rank;  then 

^      -7854  n<P 

C    B    C{    + (i  . 

V 

Each  plate  is  weakened  by  the  rivet  holes  in  the  ratio 

c^d  -7854  nrf 


i  +  -7854  n  d' 


t  V 


In  «  gingle-rivetted  **  joints,  n  =  1 ;  in  "  double-rivetted 
«  B  3,  and  the  two  ranks  of  rivets  form  a  zig-ag;  in  ** 


"i 


c:- 
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rivetted**  joints,  n  may  have  any  value  mater  than  1.  A  single- 
rivetted  joint  is  weakened  by  unequal  distribution  of  the  tension 
on  the  plate  in  the  ratio  of^:5. 

Suppose  that  in  a  chain-rivetted  joint  the  pitch  c  from  centre 
to  centre  of  the  rivets  is  fixed,  so  as  not  to  weaken  the  plates  below 
a  given  limit;  then  in  order  to  find  how  many  ranks  of  rivets  there 
should  be, — in  other  words,  how  many  rivets  there  should  be  in 
each  file, — the  following  formula  may  be  used :— 


426.  Plaa»  K«Ta»  Wedfcst  Oik*,  sad  €«ttu«. — ^These  fastenings 
are,  like  rivets,  themselves  exposed  to  a  shearing  load,  while  they 
serve  to  transmit  a  pull  or  thrust  from  one  piece  in  framework  or 
mechanism  to  another;  and  the  rule  for  determining  their  proper 
sectional  area  is  the  same,  with  this  modification  only,  that  it  is 
safest  in  most^  if  not  in  all  cases,  to  allow  for  the  possibility  of  an 
easy  fit,  according  to  the  rule  stated  at  the  end  of  Article  424,  page 
497. 

In  order  that  a  wedge,  key,  or  cottar  may  be  safe  against  slipping 
out  of  its  seat,  its  angle  of  obliquity  ought  not  to  exceed  the  angle 
of  repose  of  metal  upon  metal,  which,  to  provide  for  the  contin- 
gency of  the  surfaces  being  greasy,  may  be  taken  at  about  4^ 
(Article  309,  page  349.) 

427.  B«its  asd  gctew*  If  a  bolt  has  to  withstand  a  shearing 
stress,  its  diameter  is  to  be  determined  like  that  of  a  cylindrical 
pin.  If  it  has  to  withstand  tension,  its  diameter  is  to  be  determined 
by  having  regard  to  its  tenacity.  In  either  case  the  effective 
diameter  of  the  bolt  is  its  least  diameter;  that  is,  if  it  has  a  screw 
on  it^  the  diameter  of  the  spindle  inside  the  thread.  It  is  to  be 
observed,  however,  that  in  order  to  provide  for  possible  irreg^arities 
in  the  distribution  of  the  stress,  it  Ib  customary  to  use  for  screws  a 
very  large  factor  of  safety,  ranging  from  12  to  15;  the  mean  in- 
tensity of  the  working  stress  on  wrought-iron  screws  being  only 
about  4,000  lbs.  on  the  square  inch,  or  2*8  kilogrammes  on  the 
square  millim^ra 

The  ordinaiy  form  of  section  of  the  thread  of  a  &stening  screw 
is  an  isosceles  triangle  with  the  angles  rounded;  and  according  to 
the  proportions  recommended  by  Mr.  Whitworth,  the  angle  at  the 
summit  is  65%  making  the  height  of  the  triangle  s  0-96  of  its  base. 
One-sixth  of  that  height  is  taken  away  by  the  rounding  of  the  edge 
of  the  thread,  and  another  sixth  by  the  rounding  of  the  bottom  of 
the  groove,  leaving  two-thirds,  or  0*64  of  the  base;  and  as  the  base 
of  the  triangle  is  the  pitch  of  the  screw,  the  projection  of  the  thread 
is  0*64  of  the  pitch* 
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The  pitch  should  not  in  general  be  greater  than  on^fifik  o/tV 
^eciive  diametery  and  may  be  considerably  less :  for  example,  onxr 
tenth  and  one-twelflh  are  oi-dinary  proportions. 

In  order  that  the  resistance  of  a  screw  or  screw-bolt  to  rapture 
by  stripping  a  triangular  thread  may  be  at  least  equal  to  its  resist- 
ance to  direct  tearing  asunder,  the  length  of  the  nut  should  be  *'- 
least  one-half  of  tlie  effective  diameter  of  the  screw;  and  it  is 
often  in  practice  considerably  greater;  for  example,  onoe  and  -^ 
half  that  diameter. 

The  head  of  a  bolt  is  usually  about  twice  the  diameter  of  tL-. 
spindle,  and  of  a  thickness  which  is  usually  greater  than  ^^^ 
eighths  of  that  diameter. 

Section  IY. — OfReeistanae  io  TwieHng  and  WrewMng. 


428.  TwlMlns  mr  T«ni«H  la  Cleacnk — ^Torsion  is  the  oondiuic 

of  strain  into  which  a  cylindrical  or  prismatic  body  is  pat  wheD  a 
pair  of  couples  of  equal  and  opposite  moment,  tending  to  make  .t 
rotate  about  its  axis  in  contrary  directions,  are  applied  to  its  t%^ 
ends.  Such  is  the  condition  of  ijiafts  which  transmit  motive  povcr. 
The  moment  is  called  the  twisting  moment^  and  at  each  cro^ 
section  of  the  bar  it  is  resisted  by  an  equal  and  opposite  moment  •< 
stress.  Each  particle  of  the  shaft  is  in  a  state  of  distortion,  arri 
exerts  shearing  stress. 

In  British  measures,  twisting  moments  are  expressed  in  indk-^U 

429.  Sireaaik  •fm  VfUmdxUsmM  Sluift.    {A.  if.,  321.) — A  cylindxicai 

shaft,  A  B,  fig.  267,  being  subjected  to  the  twisting  moment  of  a 

pair  of  equal  and  opposite  coaples  sli^ 

'"'f^ 7^— — X-_        plied  to  the  cross-sections  A  and  B,  it 

•^[i  f  \      TZy\      ^  required  to  find  the  condition  d 

Vj l*'  p'^4?   stress  and  strain  at  any  intermediau- 

I  — -' — ^^  I  cross-section,  such  as  S,  and  also  the 

^ — ^  /  angular  displacement  of   any   cro^s- 

T^  267.  section  relatively  to  any  other. 

From  the  uniformity  of  the  figure  of 
the  bar,  and  the  uuiformity  of  the  twisting  moment,  it  is  erident 
that  the  condition  of  stress  and  strain  of  all  cross-sections  is  the 
same ;  also,  because  of  the  circular  figure  of  each  cross-section,  the 
condition  of  stress  and  strain  of  all  particles  at  the  same  distance 
from  the  axis  of  the  cylinder  must  be  alike. 

Suppose  a  circular  layer  to  be  included  between  the  cross-aectioD 
8|  and  another  cross-section  at  the  longitudinal  distance  d  x  fsvaa 
it.  The  twisting  moment  causes  one  of  those  cross-sectioas  to 
rotate  relatively  to  the  other,  about  the  axis  of  the  cylinder,  through 
an  angle  which  may  be  denoted  by  d  $.  Then  if  there  he  two 
^inta  at  the  same  distance,  r,  from  the  axis  of  the  cylinder,  one  in 
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the  one  cross-section  and  the  other  in  the  other,  which  points 
'were  originally  in  one  straight  line  parallel  to  the  axis  of  the 
cylinder,  the  twisting  moment  shifts  one  of  those  points  laterally, 
relatively  to  the  other,  through  the  distance  r  d  0.  Consequently 
the  part  of  the  layer  which  lies  between  those  points  is  in  a  con- 
dition of  distortion^  in  a  plane  perpendicular  to  the  radius  r;  and 
the  distortion  is  expressed  by  the  ratio 

"^""'dlc'^ <^) 

which  varies  proportionaUy  to  the  distance  from  the  axis.  There 
is  therefore  a  shearing  stress  at  each  point  of  the  cross-section, 
whose  direction  is  per|)endicular  to  the  radius  drawn  from  the  axis 
to  that  point,  and  whose  intensity  is  proportional  to  thai  radius, 
being  represented  by 

^  =  C.=  Cr.^. (2.) 

The  STRENGTH  of  the  shaft  is  determined  in  the  following  man- 
ner:— Let  ^1  be  the  limit  of  the  shearing  stress  to  which  the 
material  is  to  be  exposed,  being  the  uUimate  resistance  to  wrench- 
ing if  it  is  to  be  broken,  the  proo/  resistance  if  it  is  to  be  tested, 
and  the  working  resistance  if  the  working  moment  of  torsion  is  to 
be  determined.  Let  r.  be  the  external  radius  of  the  axle.  Then 
q^  is  the  value  of  ^  at  the  distance  r^  from  the  axis;  and  at  any 
other  distance,  r,  the  intensity  of  the  shearing  stress  is 

9  =  V- (3.) 

Conceive  the  cross-section  to  be  divided  into  narrow  concentric 
rings,  each  of  the  breadth  d  r.  Let  r  be  the  mean  radius  of  one  of 
these  rings.  Then  its  area  is  2  «-  r  </  r ;  the  intensity  of  the  shear- 
ing stress  on  it  is  that  given  by  equation  (3),  and  the  leverage  of  that 
Ktress  relatively  to  the  axis  of  the  cylinder  is  r;  consequently  the 
moment  of  the  shearing  stress  of  the  ring  in  question,  being  the 
product  of  those  three  quantities,  is 


7i. 


••i 


f^dr; 


which  being  integrated  for  all  the  rings  from  the  centre  to  the  cii> 
cumference  of  the  cross-section,  gives  for  the  moment  of  torsion, 
and  of  resistance  to  torsion. 
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if  A  K  2  r^  be  the  diameter  of  the  shaft 

(l  r=  1-5708;  jg  =  0196  nearly). 

If  the  axle  is  hoUaw,  h^  being  the  diameter  of  the  IkAov,  i- 
moment  of  torsion  be<x>me8 

^  =  1-6  ^i-JT-' ' 


The  following  formulae  serve  to  calculate  the  diameters  of  &Li^ 
when  the  twisting  moment  and  stress  are  given;  solid  shafls  :- 


hollow  shafts — 


*.  -  c-^'^ 
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v 
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which  last  formula  serves  to  compute  the  diameter  of  a  h.^ 
axle,  when  the  r<Uio  h^:h^  of  its  internal  and  external  dkr. 
has  been  fixed. 

Values  of  the  ultimate  shearing  strength  of  various  aabs^' 
are  given   in  the  Tables.     As  for   the   uxnJdng  strmty    a  ^ 
series  of  practical  trials  has  shown  that  wrought-iron  axles  c^. 
stress  of  9,000  lbs.  per  square  inch,  or  6*3  kilognunmes  cl 
square  millimetre,  for  any  length  of  time,  if  well  manufEurtur 
good  material,  the  factor  of  safety  being  about  6.     If  the  nh::. 
shearing  stress  of  cast  iron,  27,000  lb&  on  the  square    ii;c: 
divided  by  the  same  factor,  the  modulus  of  woridng  streaa  is  t. 
to  be  4,500  lbs.  on  the  square  inch,  or  nearly  3*2  kilogntmn:-:^ 
the  square  millimetre. 

It  is  chiefly  in  the  shafting  of  mills  that  those  large  apr^-^ 
factors  of  safety  are  met  with,  referred  to  in  Article  414,  pa  ire  - 

430.  Aagto  of  T«nii«B. — Sup|ioee  a  pair  of  diameters^  one  r 
parallel,  to  be  drawn  across  the  two  circular  ends,  A  and  R  ' 
267,  page  500,  of  a  cylindrical  shaft,  solid  or  hollow;  it  is  |>ro^' 
to  find  the  angle  which  the  directions  of  those  lines  make  • 
each  other  when  the  shaft  is  twisted,  either  by  the  workin^^  men 
of  torsion,  or  by  any  other  moment 

This  question  is  solved  by  means  of  equation  (2)  of  Article  t- 
page  501,  which  gives  for  the  angle  qftornon  per  unU  qflengt*^ 

d9        q 
dx"  Or 
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The  condition  of  the  shaft  being  uniform  at  all  points  of  its  length, 
the  above  quantity  is  constant;  and  if  «  be  the  length  of  the  smift, 
and  $  the  angle  of  torsion  sought^  expressed  in  length  of  arc  to 

radios  1,  we  have  -  s  3-,  and  therefore, 

X      ax 

'=SI- 0) 

L  Let  the  moment  ot  toinon  be  the  uxniting  mement,  fat  whioh 

r-r,-    A,' 

the  valne  taken  for  the  modulus,  7^,  being  the  it^e  working  ttrea. 
Then  the  angle  of  working  tardon  is 

'-    CA^  ' ^^-^ 

and  is  the  same  whether  the  shaft  is  solid  or  hollow.  This  formula 
gives  the  angle  0  in  circular  measure;  that  is,  in  arc  to  radios 
unity;  so  that  if  at  each  end  of  the  shaft  there  is  an  arm  of  the 
length  y,  the  displacement  of  the  end  of  one  of  those  arms  relatively 
to  the  other  will  heyi. 

Values  of  C,  the  co-efficient  of  transverse  elasticity,  are  given  in 
the  tables.  In  calculating  the  working  tortion  of  wrought-iron 
shafts,  we  may  make 

c  "  ^"^  i;oo6  *^  MOO ^^'^ 

IT.  The  proo/toraionf  to  which  a  shaft  may  be  twisted  by  a 
gradually  applied  load  when  testing  it,  may  be  made  double  the 
working  torsion. 

IIL  Let  the  moment  of  torsion  have  any  amount,  M,  consistent 

with  sa^Bty.  Then  for  ^  we  have  to  put  its  value  in  terms  of  M 
and  Aj;  and  the  results  are  as  follows: — 

ForooUd^At,  ?.i^;a]id 

2M 


COi  XIATEBIALS,   OONffTRUCTIOK,   AND  STBBSGTa. 

An  example  of  the  application  of  eqoation  (4)  bas  alreadj  >-: 
griven  in  Article  344. 

431.  The  BMilicBM  •r  m  CyUadrical  Shaft  is  the  prodnct  of  •:- 
half  of  the  moment  of  proof  torsion  into  the  corresponding  i: . 
of  torsion;  and  it  is  given  by  the  following  equation : — 


~9~  =  Y^  •  ^p      for  a  solid  shaft;  or 

M^^^.^W_rj^forahollowshaft.       f 
2        16  C  AJ  J 


(I' 


432.  Skafta  BM  CIrcBfaw  ta  Sectfaa. — ^When  the  cross-sectirc 

a  shaft  is  not  cii*cular,  it  is  certain  that  the  ratio  ~  of  the  she&r  . 

r 

stress  at  a  given  point  to  the  distance  of  that  point  from  the  ^^ 

of  the  shaft  is  not  a  constant  quantity  at  different  points  of  *. 

cix)ss-section,  and  that  in  many  cases  it  is  not  even  approxiin.^.: 

constant;  so  that  formulae  founded  on  the  assumption  of  it^  K  . 

constant  are  erroneous.     The  mathematical  investigations  of  M. 

St.  Yenant  have  shown  how  the  intensity  of  the  shearing  str>^ 

distributed  in  certain  casea 

The  most  important  case  in  practice  to  which  M.  de  St^  Vecji'. 

method  has  been  applied  is  that  of  a  square  shaft;  and  it  ap^r^- 

that  its  moment  of  torsion  is  given  by  the  formala, 

M  =  0-281  qj^  A*  nearly; 

in  which  h  is  one  side  of  the  square  cross-section. 

Sbctiok  V. — 0/ Resistance  to  Bending  and  Cross- Breaking. 

433.  RMtetaace  tm  HcadlBg  ta  OeacraL — In  explaining  the  j  " 
dples  of  the  resistance  which  bodies  oppose  to  bending  and  cr 
breaking,  it  is  convenient  to  use  the  word  beam  as  a  general  t.. 
to  denote  the  body  under  consideration;  but  those  principb^   ■' 
applicable  not  only  to  beams  for  supporting  weights,  but  to  It- v-  - 
cross-heads,  cross-tails,  shafts,  journals,  cranks,  and  all  piece> 
machinery  or  fi-amework  to  which  forces  are  applied  tending  to  -  » 
them  and  to  break  them  across;  that  is  to  say,  forces  tnuisver?< 
the  axis  of  the  piece. 

Conceive  a  beam  which   is  acted  upon  by  a  combiiiatior. 
parallel  transverse  forces  that  balance  each  other,  to  be  div: 
into  two  parts  by  an  imaginary  transverse  section ;  and  eons 
■ATiarately  the  conditions  of  equilibrium  of  one  of  those  partBL      I 
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exU^rnal  transverse  forces  which  act  ou  that  part>  and  constitute 
the  load  on  it,  do  not  necessarily  balance  each  other.  Their  result* 
ant  may  be  found  by  Rule  lY.  of  Article  280,  page  324.  That 
resultant  is  called  the  Shearing  Load  at  the  cross-section  under  con- 
sideration, and  it  is  balanced  by  the  Shearing  Stress  exerted  by  the 
jmrticles  which  that  cross-section  traverses.  The  resultant  moment 
of  the  same  set  of  forces,  relatively  to  the  same  cross-section,  may 
he  found  by  the  same  rule ;  it  is  called  the  Bending  Moment  at  that 
cross-section,  and  it  is  balanced  (if  the  beam  is  strong  enough)  by 
the  Moment  of  Stress  exerted  by  the  particles  which  the  cross-section 
traverses,  called  also  the  Moment  of  Resistance,  That  moment  of 
stress  is  due  wholly  to  longitudinal  stress,  and  it  is  exerted  in  the 
following  way: — The  bending  of  the  beam  causes  the  originally 
straight  layers  of  particles  to  become  curved;  those  near  the 
concave  side  cf  the  beam  become  shortened;  those  near  the 
convex  side,  lengthened;  the  shortened  layers  exert  longitudinal 
thrust;  the  lengthened  layers,  longitudinal  tension;  the  resultant 
thrust  and  the  resultant  tension  are  equal  and  opposite,  and  com- 
pose a  couple,  whose  moment  is  the  moment  of  stress,  equal  and 
opposite  to  the  bending  moment 

In  problems  respecting  the  transverse  strength  and  stiffness  of 
beams  there  are  four  processes :  firsts  to  determine  the  shearing 
load  and  bending  moment  produced  by  the  transverse  external 
forces  at  different  cross-sections,  and  especially  at  those  cross- 
sections  at  which  they  act  most  severely;  secondly^  to  determine 
the  relations  between  the  dimensions  and  figure  of  a  cross-section 
of  the  beam,  and  the  moment  of  stress  which  that  cross-section 
is  capable  of  exerting,  so  that  each  cross-section,  and  especially  that 
at  which  the  bending  moment  is  greatest^  may  have  sufficient 
strength ;  thirdly,  to  determine  the  relations  between  the  dimen- 
sions and  figure  of  the  beam  and  the  deflection  produced  by  the 
l>onding  moments,  in  order  that  the  beam  may  be  so  designed  as 
to  have  sufficient  stiffness  or  sufficient  flexibility,  according  to  its 
purpose. 

434.   Calcatoltom   •T  SbMttec   I^mJ*  sad   Miwilag   BlMMBlfc — 

In  the  formulse  which  follow,  the  shearing  load  at  a  given  cross* 
section  will  be  denoted  by  F,  and  the  bending  moment  by  M.  In 
British  measures  it  is  most  convenient  to  express  the  bending 
moment  in  ineh-lbs,,  because  of  the  transverse  dimensions  of  pieces 
in  machines  being  expressed  in  inches. 

The  mathematical  process  for  finding  F  and  M  at  any  given 
rross-section  of  a  beam,  though  always  the  same  in  principle,  may 
\>c  varied  considerably  in  detail  The  following  is  on  the  whole 
the  most  convenient  way  of  conducting  it : — 

Fig.  268  represents  a  beam  supported  at  both  ends,  and  loaded 
x^tween  them.     Fig.  269  represents  a  bracket;  that  is,  a  beam 
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supported  and  ^koed  at  one  end,  and  loaded  on  a  projectiag|>nj^- 
p,  Q,  represent  in  «aoh  case  the  supporting  forces;  in  fig.  i^^  ^ 


^  -J 


ng.  MS 


W^  Wg,  Ac.,  represent  portions  of  the  load;  in  fig.  269,  V. " 
presents  the  endmost  portion  of  the  load,  and  Wj,  W^  Wj.  r. 
portions;  in  both  figures,  Ax.,  Ax^,  Ax^  kc,  denote  the  \enCf 
the  intervals  into  which  the  lines  of  action  of  the  portioDs  of 
load  divide  the  longitudinal  axis  of  the  beam.  The  forces  m^- ^ 
W  may  be  the  weights  of  parta  of  the  beam  itself,  or  of  \^' 
earned  by  it;  or  they  may  be  foroes  exerted  by  moving  piect^  / 
machine  on  each  otlier ;  or,  in  short,  they  may  be  any  est-' 
transverse  foroea  If  the  body  called  the  beam  is  a  shaft,  I  - 
Q  will  be  the  bearing  pressurea 

.    The  figures  represent  the  load  as  applied  at  detadied  i^- 
but  when  it  is  continuously  distributed,  the  length  of  aTij 
definitely  short  portion  of  the  beam  may  be  denoted  by  </  •[ 
intensity  of  the  load  upon  it  per  unU  of  length  by  w,  at^^ 
amount  of  the  load  upon  it  by  to  c^  a:. 

The  process  to  be  gone  through  will  then  oonsLBt  <^  the  foli  * 
steps : — 

Step  L  To  find  ikt  Supporting  Foreee  or  Bearing  Prtm'^ 
and  Q. — Assume  any  convenient  point  in  the  longitudiui^ 
as  origin  of  co-ordinates,  and  find  Uie  distance  x^  of  the  ^e^'- 
of  the  load  from  it^  by  Rule  lY.  of  Articb  280,  pagas  324. 
that  is  to  say, 

2a;W 


«^  = 


2W  ' 

I  xwdx 

fwdx 


or 


1 


Then,  by  Rule  II.  of  Article  280,  page  383,  find  tlie  tw 
porting  foi-ces  or  beariog  pressures,  P  and  Q ;  that  is  to  aaj. 
^  the  resultant  load,  and  P  R  and  R  Q  its  dJatuioeB  frjc 
^ts  of  support;  and  make 
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PQ:PR:QR)  ... 

:  :R  :   Q    :  P.   f W 

Step  IL  To  find  the  Shearing  Loade  (U  a  Series  qf  SecHone. — ^In 
what  position  soever  the  origin  of  co-ordinates  may  hare  been 
during  the  previous  step,  assume  it  now,  in  a  beam  supported  at 
both  ends,  to  be  at  one  of  the  points  of  support  (as  A,  fig.  268),  and 
in  a  bracket  to  be  at  the  loaded  point  farthest  from  the  fixed  end 
(as  A,  fig.  269).     Consider  P  as  positive  and  W  as  negative. 

Then  the  shearing  load  in  anj  given  interval  of  the  length  of 
the  beam  is  the  resultant  of  all  the  forces  acting  on  the  beam  from 
the  origin  to  that  interval;  so  that  it  has  the  series  of  values, 


In  Fig.  268. 

Fo,  =  P; 

Fi,  =  P-W,; 

Fa  =  P-W,-W,; 

F^  =  P— Wi— W.-W,; 

and  generally, 


~Foi=W0, 


In  Fig.  269. 


-P««=Wo  +  Wji 

—  P28=Wo  +  W;  +  W,; 

^.; 

and  generally. 


F  =  P  — 2-W;,..(4.)     i  —  F  =  2-W; (5.) 

so  that  the  shearing  loads  which  act  in  a  series  of  intervals  of  the 
length  of  the  beam  can  be  computed  by  suocessive  subtimotionB  or 
successive  additions,  as  the  case  may  be. 

For  a  continuously  distributed  load,  these  equations  become 
respectively, 

In  a  beam  supported  at  both  ends,  FsP  —  /     w  dx;  (6.) 

In  a  bracket,  —  F  =  j     w  d x; (7.) 

in  which  expressions,  af  denotes  the  distance  from  the  origin,  A,  to 
the  plane  of  section  under  consideration. 

The  positive  and  negative  signs  distinguish  the  two  oontraiy 
directions  of  the  distortion  which  the  i^earing  load  tends  to 
produce. 

The  CtarMMM  ShMurtef  i.Mi4  acts  in  a  beam  sopported  at  both 
«nds,  dose  to  one  or  other  of  the  points  of  support,  and  its  valna 
is  either  P  or  Q.  In  a  bracket^  the  greatest  shearing  load  on  the 
projecting  part  acts  close  to  the  outer  point  of  support^  and  its 
value  is  equal  to  the  entire  load. 

In  a  beam  supported  at  both  ends  the  ahcvtac  1<— J  vliie^ 
or  changes  from  positive  to  negative,  at  some  intermediate  aeetioni 
whose  position  may  be  found  from  equation  (4)  or  eqnation  (6),  by 
making  F  s  0.     At  the  second  point  of  support^  F  ss  —  Q. 

Stxp  III.  To  find  (he  Bending  MomenU  al  a  Seriee  qf  Sections. — 
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At  the  origin  A  there  is  no  bending  moment.  Maltip'r  : 
length  of  each  of  the  intervals  A  a;  of  the  longitudinal  axis  c-t ' 
beam  by  the  shearing  load  F,  which  acts  throughout  that  inurr. 
the  first  of  the  products  so  obtained  is  the  bending  mom-  l: 
the  inner  end  of  the  first  interval ;  and  bj  adding  to  it  tbe  . : 
products  successively,  there  are  obtained  successively  tbe  bee: 
moments  at  the  inner  ends  of  the  other  intervals.* 
That  is  to  say, — bending  moment 

at  the  origin  A;  M^  =  0; 

at  the  line  of  action  of  W^;  M^  =  F^^  •  A  «! ; 

„  „  »  W,;  M,  =  FoiAa:i  +  F^Aa:.; 

&c.  &C. 

and  generally,  M  =  2-FA« - 

If  the  divisions  A  x  are  qfeqtud  lengths,  this  becomes 

M  =  A«'2F; 

and  for  a  continuously  distributed  load. 


^=/;^ 


dx i 


Substituting  for  F,  equation  (lOV  its  values  as  g^vcn  by 
tions  (6)  and  (7)  respectively,  we  obtain  the  following  resnl 
For  a  beam  supported  at  both  ends^ 

M  =  Pi«'-  f    f'wdx^ 

^TiX'-j    {x''-x)wdx; (i: 

For  a  beam  fixed  at  one  end, 

-M=  /     I'wda?^   \     (Qif^x)wdx; (:: 

in  the  latter  of  which  equations  the  symbol  —  M  denotes  tLi.: 
bending  moment  acts  downwards. 

The  gmsimc  Beadtac  n^aieM  acts,  in  a  bracket,  at  the  c 
point  of  support ;  and  in  a  beam  supported  at  both  ends,  at 
section  where  the  shearing  load  vanishes. 

Step  I Y.  To  dedttce  this  Shearing  Load  and  Bending  Momf 
one  Beam  from  those  in  another  Beam  similarly  supported 
loaded, — This  is  done  by  the  aid  of  the  following  principles  : 

When  beams  differing  in  length  and  in  the  amounts  of  the  I 
upon  them  are  similarly  supported,  and  have  their  loads  sitnUari., 
iribuied,  the  shearing  loads  at  corresponding  sections  in  <4ena  to V 

*  See  Mr.  Herbert  Latham's  work  On  Iron  Bridges, 
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the  (oUU  loads,  and  the  bending  momeivte  aa  the  products  ofthA  loads 
and  lengths. 

The  length  between  the  points  of  support  of  a  beam  supported  at 
the  ends,  as  in  fig.  268,  is  often  called  the  sparu 

435.  Bmairic*- — In  the  following  formube,  which  are  examples 
of  the  application  of  the  principles  of  the  pr^^eding  Article  to  the 
cases  which  occur  most  frequently  in  practice,  W  denotes  the  total 
load; 

Wf  when  the  load  is  distributed,  the  load  per  unit  of  length  of 
the  beam; 

e,  in  brackets,  the  length  of  the  fi*ee  part  of  the  bracket; 

e,  in  beams  either  loaided  or  supported  at  both  ends,  the  half 
spany  between  the  extreme  points  of  load  or  support  and  the 
middle; 

M,  the  greatest  bending  moment 


L  Bracket  fixed  at  one  end  and  loaded  ) 
at  the  other, ) 

II.  Bracket  fixed  at  one  end  and  uni- 
formly loaded, 

III.  Beam  supported  at  both  ends  and' 
loaded  at  an  intermediate  point, 
whose  distance  from  the  middle  of 
the  span  is  x, 


M  =  cW (1.) 

C  W        U7C* 


} « = •-?= 


(2.) 


2c 


(3.) 


cW. 


fPj 


IV.  Beam  supported  at  both  ends  and )  .        a\  -w      *  ^/j  \ 
loaded  in  the  middle, /(«  =0);  ^  =  -g-C*) 

V.  Beam  supported  at  both  ends  and )  .^      cW     to  c*    .«. 
uniformly  loaded, /^=  "4~""2~    ^   ' 

YL  If  a  beam  has  equal  and  opposite  couples  applied  to  its  two 
ends;  for  example,  if  the  beam  in  fig.  270  has  the  couple  of  equal 
and  opposite  forces  P^  applied  at  A  and  B^  and  the  couple  of 
equal  and  opposite  forces  r^  at  C  and  D, 
and  if  the  opposite  moments  P^  *  A  B 
s  P.  *  C  D  s  M  are  equal,  then  each 
of  tne  endmost  divisions,  A  B  and 
C  D,  is  in  the  condition  of  a  bracket 
fixed  at  one  end  and  loaded  at  the 
other   (Exainple   I.);  and  the  middle  Fig. S70. 

division,  B  C,  is  acted   upon   by  the 
tiniform  bending  momeni  M,  and  by  no  shearing  load. 

VIL  Let  a  beam  of  the  half-span  e  bo  loaded  with  an  uni- 
formly distributed  load  of  to  units  of  weight  per  unit  of  span ;  and 
at  a  point  whose  distance  from  the  middle  of  the  span  is  a,  let  there 


IT 


♦iv 


r 
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be  applied  an  additional  load  W.    It  is  required  to  find  x,  the : 
tance  from  the  middle  of  the  span  at  which  the  greateit  beLu. 
moment  is  exerted,  and  M,  that  greatest  moment. 
Make 

W    _ 

then  the  solutions  are  as  follows  : — 

Case  1.— When  -  =  or  :::^  ,  ?*  - ;  «  =  m  (c  —  a);  uwi 

c  i  -J-  m 


M 


to  c*  /-    ,  m  a\* 


Case  2. — ^When  -  =  or  .^^  ^r—, — ;  «  =  a :  and 

c  1  +m 


M  =  !l^(l  +  2«)(l_j'), 


In  Uie  following  case  both  sets  of  formnka  give  the  same  rt?- 

when-  s=  •= — i ;  x  s=  a  s  m  (c  —  a):  and 

c       I  +  m  ^  ' 


_wi^  n  +  2  m\* 
~"    2     \  \  +m  )  * 


436.  BendlBc  BimMCBls  vMdaced  ky  l^mm^fitmMmK^  smI  t^^^ 
. — When  a  bar  is  acted  upon  at  a  given  cross-section  by  i 

external  force,  whose  line  of  action,  whether  transverse,  obhu^  ' 
parallel  to  the  axis  of  the  bar,  does  not  traverse  the  cei>:r  i 
magnitude  of  that  cross-section  (see  Article  293,  page  334  ' 
force  exerts  a  moment  upon  that  cross-section  equal  to  the  pr  ^ 
of  the  force  into  the  perpendicular  distance  of  its  line  of  ^'  • 
from  Uie  centre  of  the  cross-section,  and  that  moment  is  \*  ' 
balanced  by  the  moment  of  longitudinal  stress  at  the  cross-so.'-  i 
The  external  force  may  be  resolved  into  a  longitudinal  a: 
transverse  component  The  longitudinal  component  is  bil-^' ' 
by  an  uniform  longitudinal  tension  or  pressure,  as  the  case  may ' 
exerted  at  the  cross-section,  and  combined  with  the  stress «  i 
resists  the  bending  moment;  and  the  transverse  component  i:i 
sisted  by  shearing  stress. 

437.  n«BieBC  Af  Seres*— TnuiSTevMStteimlk — ^The  bendiuj  ^| 
ment  at  each  cross-section  of  a  beam  bends  the  beam  so  as  to  - ' 
any  originally  plane  longitudinal  layer  of  the  beam,  perpeD^i-  ' 
to  the  plane  in  which  the  load  acts,  become  concave  in  the  dire-  i 
towaroiB  which  the  moment  acts,  and  convex  in  the  o]>;   ' 
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direction.     ThoB,  fig.  371  represents  a  side  view  oi  a.  short  portion 
of  a  bent  beam ;  C  C  is  a  layer,  originallj 
plane,  which  is  now  bont  so  as  to  become 
concaye  at  one  side  and  convex  at  the 
other.  ^ 

The  layers  at  and  near  the  concave  side 
of  the  beam,  A  A',  are  shortened,  and  the 
layers  near  the  convex  side,  B  B',  length-  Fig.  271. 

ened,  by  the  bending  action  of  the  load. 

There  is  one  intermediate  surface,  O  O',  which  ia  neither  lengthened 
nor  shortened;  it  is  called  the  *'  neutral  nur/aee."  The  particles  at 
that  surface  are  not  necessarily,  however,  in  a  state  devoid  of 
strain ;  for,  in  common  with  the  other  particles  of  the  beam,  they 
are  compressed  and  extended  in  a  pair  of  diagonal  directions, 
making  angles  of  45^  with  the  neutral  surfiice,  by  the  shearing 
action  of  the  load,  when  such  action  exists. 

The  condition  of  the  particles  of  a  beam,  produced  by  the  com- 
bined bending  and  shearing  actions  of  the  load,  is  illustrated  by  fig. 
272,  which  represents  a  vertical  longitudinal  section  of  a.rectangular 
beam,  supported  at  the  ends,  and  loaded  at  intermediate  points. 
It  is  covered  with  a  network  consist- 
ing of  two  sets  of  curves  cutting  each 
other  at  right  angles.  The  curves 
convex  upwards  are  linm  oj  dtred 
ihruH;  those  convex  downwards  are  Fig.  S79. 

lines  of  direct  tension,    A  pair  of 

tangents  to  the  pair  of  curves  which  traverse  any  particle  are  the 
axes  of  etreee  of  that  particle.  The  neutral  eur/ace  is  cut  by  both 
sets  of  curves  at  angles  of  45^  At  that  vertical  section  of  the 
beam  where  the  shearing  load  vanishes,  and  the  bending  moment  is 
greatest,  both  sets  of  curves  become  parallel  to  the  neutral  surface. 
When  a  beam  breaks  under  the  bending  action  of  its  load,  it 
gives  way  either  by  the  crushing  of  the  compressed  sidei  A  A',  or 
bj  the  tearing  of  the  stretched  side,  B  B'. 

In  fig.  273,  A  represents  a 
beam  of  a  granular  material,  like 
cast  iron,  giving  way  by  the 
crushing  of  the  compressed  side, 
out  of  which  a  sort  of  wedge  ii  Fig.  S7S. 

forced.     B  represents  a  beam 
giving  way  by  the  tearing  asunder  of  the  stretched  side. 

The  reeietanee  of  a  beam  to  bending  and  cross-breaking  at  any 

given  cross-section  is  the  moment  of  a  couple,  consisting  of  the 

thrust  along  the  longitudinally-compresspd  layers,  and  the  equal 

and  opposite  tension  idong  the  longitudi&ally-stretched  layers. 

It  has  been  found  by  experimenti  that  in  most  cmms  which  occur 
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iQ  practice,  the  longitudinal  stress  of  the  layers  of  a  beam  t^ 
without  material  error,  be  assumed  to  be  uni/omdy  varvi.'i 
intensity  being  simply  proportional  to  the  distance  of  tbt  i.; 
from  the  neutral  surface. 

Let  fig.  274  represent  a  cross-section  of  a  beam  (such  a^  t 
represented  in  fig.  271),  A  the  comprebsetl  >:i 
the  extended  side,  C  any  layer,  and  0  0  the  n^ 
€ixis  of  the  section,  being  the  line  in  which  it  > 
o — r^-|^— o  by  the  neutral  surface.     Let  p  denote  the  in:- 

of  the  stress  along  the  layer  C,  and  y  the  d.^' 
of  that  layer  from  the  neutral  axis.    Becat:^ 
stress  iff  uniformly  varying,  p  -i-  y  is  a  (n" 
Fig.  274.       quantity.     Let  that  constant  be  denoted  f.r 
present  by  a. 
Let  z  be  the  breadth  of  the  layer  C,  and  J  y  its  thicknes^s 
Then  the  amount  of  stress  along  it  is 

pzdy  =  ayzdy} 

the  amount  of  the  stress  along  all  the  layers  at  the  gi^eu 
section  is 


f  y^df/; 


and  this  amount  must  be  nothing, — in  other  wordsy  the  toul : 
and  total  tension  at  the  cross-section  must  be  equal, — beca'- 
forces  applied  to  the  beam  are  wholly  transverse;  from  « 
follows,  that 

J  yzdy  =  0, 

and  the  neiUral  cuns  traverses  the  centre  of  magnitude  of  tv  ' 
section.     This  principle  enables  the  neutral  axis  to  be  fouui 
aid  of  the  methods  explained  in  Article  293,  page  334. 

To  find  the  greatest  value  of  the  constant  p  -r-  y  coosistt^L' 
the  strength  of  the  beam  at  the  given  cross-section,  let  y, 
distance  of  the  compressed  side,  and  y^  that  of  the  exter  1 
from  the  neutral  axis;  f^  the  greatest  thrust,  and  y^  the  r 
tension,  which  the  material  can  bear  in  the  form  of  a  bean, 
putey^  -f*  y«,  andyV  -r-  yyt  ^i^^  adopt  the  less  of  those  two  q- • 
as  the  value  oi  p  -^  y^  which  may  now  be  denoted  by  / 
y  being  y]j  or/j,  and  y,  being  y.  or  y»,  according  as  the   • 
liable  to  give  way  by  crushing  or  by  tearing. 

For  the  best  economy  of  material,  the  two  quotienta  ou/ 
equal ;  that  is  to  say, 

Vx     y.     y*        ^    ' 

And  this  gives  what  is  called  a  eroes-section  ofejual  ttreng-  - 
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The  moment  relatively  to  the  neutral  axis,  of  the  stress  exerted 
along  any  given  layer  of  the  cit>8s-8ection,  is 

f 
ypzdy  =  '-^  y^zdyi 

and  the  snm  of  aU  such  moments,  being  the  xomemt  of  stress,  or 
MOMENT  OF  BE8ISTAKCB  of  the  given  CFOfis-section  of  the  beam  to 
breaking  across,  is  given  by  the  formula, 

U^Jpyzdfj^-^Jy^zdy; (2.) 

or  making  ly^zdy  —  I, 

M=-^? (3  a.) 

When  the  hreaking  load  is  in  question,  the  co-efficient /is  what 
is  called  the  modulus  of  rupture  of  the  material. 

When  the  proqf  load  or  toorking  load  is  in  question,  the  co- 
efficient /  is  the  modulus  of  rupture  divided  by  a  suitable  fador 
of  safety,  which,  for  the  working  stress  in  parts  of  machinery  that 
are  made  of  metal,  is  usually  6,  and  for  the  parts  made  of  wood,  10. 
Thus,  the  working  modulus  /is  usually  9,000  lbs.  on  the  square 
inch  for  wrought  iron,  4,500  for  cast  iron,  and  from  1,000  to  1,200 
for  wood. 

The  fiictor  denoted  by  I  in  the  preceding  equation  is  what  is 
called  the  *'  geomeirieal  moment  of  inertia  "  of  the  cross-section  of 
the  beam.  For  sections  whose  figures  are  similar,  or  are  parallel 
projections  of  each  other,  the  moments  of  inertia  are  to  each  other 
as  the  breadths,  and  as  the  cubes  of  the  depths  of  the  sections;  and 
the  values  of  y.  are  as  the  depths.  If,  therefore,  b  be  the  breadth 
and  A  the  depth  of  the  rectangle  circumscribing  the  cross-section  of 
a  given  beam  at  the  point  where  the  moment  of  stress  is  greatest, 
we  may  put 

I  =  wbh^, (3.) 

y^fn'h, (4.) 

9if  and  m'  beinff  numerical  factors  depending  on  the  form  of  section; 
«,d  mdcing  n  +  »»'  =  n,  the  moment  of  reuatauoe  may  be  thus 
expressed,— 

M  =  nfbh*. (5.) 

Hence  it  appears  that  the  reeistaneee  of  similar  eross-seetions  to 
cross-breaking  art  as  their  breadths  amd  as  thesguares  qf  their  dtpths, 

2l 
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Another  way  of  expressing  the  moment  of  resuUnce  is  - 
follows : — Let  S  be  the  sectional  area  of  the  beam,  thea  we  We 

I  =  ^'A8S; {^^ 

in  which  kf  h^  is  the  radius  ofgyraiion  of  the  cross-flection,  i  t-  | 
a  numerical  factor  depending  on  the  form  of  section.  Then  ^^  \ 
a  -r  m'  =  k,  the  moment  of  resistance  may  be  thus  expresse-i  - 

U=k/hS i^^ 

The  relation  between  the  load  and  the  dimensionB  of  a  be 
found  by  equating  the  value  of  the  greatest  bending  mom : 
terms  of  the  load  and  span  of  the  beam,  as  given  in  Articit^  -\ 
435, 436,  pages  505  to  510,  to  the  value  of  the  moment  of  re^ 
of  the  beam,  at  the  cross-section  where  that  greatest  W  > 
moment  acts,  as  given  in  equation  (5)  or  equation  (5  a)  c:  i 
Article. 

The  depth  h  is  usually  fixed  by  considerations  of  stiffness.  * 
explained  further  on ;  and  then  the  unknown  quantity  U  - 1 
the  breadth,  6,  or  sectional  area,  S,  according  as  equation  (5)  or  I 
tion  (5  a)  is  made  use  of.  Sometimes,  as  when  the  cross-st^:  i 
circular  or  square,  we  have  b  —  h;  and  then  we  have  A^  11.**^ 
b  h^  in  equation  (5),  which  is  solved  so  as  to  give  h  by  exm.:  i 
the  cube  root  The  following  are  the  formulas  for  these  ^^i 
tions: — 

-         M 

^=1^75^' 

and  when  A  =  b, 

»=Q*. • 

k/h 

In  finding  the  value  of  the  geometrical  moment  of  ine^i 
cross-sections  of  complex  figure,  the  following  rules  are  u:*^'.  I 

If  a  complex  cross-section  is  made  up  of  a  number  ot  i 
figures,  conceive  the  centre  of  magnitude  of  each  of  those  i 
to  be  traversed  by  a  neutral  axis  parallel  to  the  neutral  a\: 
whole  section.  Find  the  moment  of  inertia  of  each  of  1 1 
ponent  figures  relatively  to  its  own  neutral  axis;  multipK  ^ 
by  the  square  of  the  distance  between  its  own  neutral  a  i 
the  neutral  axis  of  the  whole  section ;  and  add  together  i 
results  so  found,  for  the  moment  of  inertia  of  the  ^whole  >^ 
To  express  this  in  symbols,  let  S'  be  the  area  of  any  oi 
component  figures^  y'  the  distance  of  its  neutral  axis  t:  I 


MOMENT  OF  BE8I8TAKC& 


51^ 


neutral  axU  of  Uie  whole  section,  I'  its  moment  of  inertia  relatively 
to  its  own  neutral  axis;  then  the  moment  of  inertia  of  the  whole 
section  is 

I  =  2  •  P  +  2  •  y^  A' (8.) 

When  the  figure  of  the  crofis-section  can  be  made  by  taking 
away  one  simpler  figure  from  another,  both  the  area  and  the 
moment  of  inertia  of  the  subtracted  figure  are  to  be  considered 
aB  negative,  and  so  treated,  in  making  use  of  equation  (8). 


Examples  of  the  Numerical  Factobs  in  Equations  (3),  (4), 

(5),  AND  (7). 


Ford  of  Croas-Section*. 


I.  B«ctMigle(A» 

(including  tqaare) 

IL  EUipse-- 

Vertical  axis  A, 


Horixontal  axis  b 

(including  circle) 

IIL  Hollowrectangle^frA— ('A'; 
also  I  -  formed  section, 
where  b'  it  the  sum  of  the 
breadths  of  the  lateral 
hollows, 


[V.  Hollow  square — 


A«  —  A^. 


-t 


V.  Hollow  ellipee, 


ri.  HWlow  circle,. 


[L  laoeceles  triangle;  base  5. 
heiizht  A;  y.  meaaurea 
fi^  summit 


»'  = 


bh*' 


12 


HI— j^ 


» 1_ 

W"20-4 

«  0*0491 


12  V        6AV 
12  V       h*) 


04 


('- 


bj^\ 
bh}) 


64  \        AV 


36 


1 
2 


_1 
2 


2 


1_ 
2 


1 
2 


1_ 
2 


2 
3 


M 


/6A*' 


1 
6 


32    lU-2 
«  0-0982 

6\        6  A*/ 


iO-JO 


32  \ 


bj^\ 
bh*) 


32  V       AV 


1 
24 
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Etamplks  of  thb  Nuxbiucal  Factor  k  or  Equatioss 

AMD  (7  bX 
FoBX  or  Cbom  Sacnoy.  ^  s 


L  RectaDglOy 


IL  Ellipse  and  circle, 


1 
1 


IIL  Hollow  rectangle, 

S  ==  bh^V  h';  also I-shaped 

section,  b'  being  the  sum  of  j,  •  ^ 

the  depths  of  the  lateral  1 

hollows, *^ 

« (•  -^j) 

IV.  HoUow  square,  S  =  A»  -  h*...  \(}  *  '^■ 

V.      Da,        very  thin  (approx.),  _.. 

•9 

VI.  Hollow  ellipse, J(l  -  ^^^^^  "^  0  " 

VII.  Hollow  circle, \(}  ^  ^ 

VIIL      Do.,        very  thin  (approx,), 

IX«  T-shaped  section;    flange  A,  ^ 

web  C;  S  =  A  +  C  (approx.),  C  (C  4-  4  A> 

6  (O  +  A)  (C  +  1 . 
X.  I-shaped  section;  flanges  A,  B; 
web  C;  S  =  A  +  B  +  C;  the 
beam  supposed  to  give  way  at  ^  ,^     .  ^ 
the  flanw  A(approx.),...:....  C(C-h4  Ai- 4Bj^  l: 

6(C  +  2B)(A.  +  B' 
X.  A.  Da,        da,        the  beam  snp- 

XL  I-ahaped   section,   with   equal  | 

flangesA^  B;S  =  C  + 2A        .    . 
(approx.), ^  (l  +        *J^  \ 
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438.  i«Micita4iBAi  aectimi*  •€  tJaiAm  stMagifc  are  tllOfle  in 

which  the  dimensions  of  the  cross-section  are  varied  in  snch  a 

manner  that  its  safe  working  moment  of  resistance  is  equal  to  the 

working  bending  moment  at  each  section  of  the  beam,  and  not 

merely  at  the  section  where  the  bending  moment  is  greatest    That 

moment  of  resistance,  for  figures  of  the  same  kind,  being  propor* 

tioual  to  the  breadth  and  to  the  square  of  the  depth,  can  be  varied 

either  by  varying  the  breadth,  the  depth,  or  both.     The  law  of 

variation  depends  upon  the  mode  of  variation  of  the  moment  of 

flexure  of  the  beam  from  point  to  point,  and  this  depends  on  the 

distribution  of  the  load  and  of  the  supporting  forces,  in  a  way 

which  has  been  stated  in  previous  Articlea    When  the  depth  of 

the  beam  is  made  unifoim,  and  the  breadth  varied,  the  vertical 

longitudinal  section  is  rectangular,  and  the  horizontal  longitudinal 

section  is  of  a  figure  depending  on  the  mode  of  variation  of  the 

breadth.    When  Uie  breadth  of  the  beam  is  made  uniform,  and  the 

depth  varied,  the  horizontal  longitudinal  section  is  rectangular, 

and  the  vertical  longitudinal  section  is  of  a  figure  depending  on 

the  mode  of  variation  of  the  depth.     When  the  beam,  or  the  body 

which  acts  as  a  beam,  is  of  circular  cross-section,  so  that  the  breadth 

and  depth  are  equal,  each  being  a  diameter  of  the  cross-section,  the 

diameter  varies  as  the  cube  root  of  the  bending  moment    This 

case  occurs  in  axles  which  are  exposed  to  a  bending  moment^  and 

n  ot  to  a  twisting  moment   The  following  are  examples  of  the  results 

of  those  principles : — 

I.  Fixed  at  one  end,  loaded  at  the  other;  b  }fl  varies  as  the 
distance  from  the  loaded  end 

II.  Fixed  at  one  end,  uniformly  loaded;  h  Ifi  varies  as  the  square 
^f  distance  from  the  free  end. 

III.  Supported  at  ends,  loaded  at  an  intermediate  point;  hlfi 
v^aries  as  the  distance  from  the  adjacent  point  pf  support 

iy«  Supported  at  ends,  uniformly  loaded;  6  A*  varies  as  the 
[product  of  the  distances  from  the  points  of  support 

In  applying  the  principles  of  this  Article,  it  is  to  be  heme  in 
iiind  that  they  do  not  take  the  thMrxng  load  into  account;  and 
hat,  consequently,  the  figures  described  in  the  above  examples 
nay  require,  at  and  near  the  points  where  the  shearing  load  is 
preatesti  some  additional  sectional  area,  to  enable  them  to  with* 
itand  that  load,  especially  in  examples  III.  and  IV.;  for  in  these 
rases  the  shearing  load  is  greatest  at  the  points  of  support^  where 
liere  is  no  bending  moment 

439.  i»efl«cttoa  •r  Bcshm. — ^Fpnr  sorts  of  problems  occur  in  con- 
lection  with  the  deflection  and  tbe  stiffness  of  beams;  fint^  to  find 
ho  proofs  or  greaUsi  taft  difi^Hon^  being  the  deflection  under  tiie 
»roof  load;  ieoondly,  the  deflection  under  any  given  load,  not  ex* 
ceding  the  proof  load;  thirdly^  to  find  the  dimensions  of  a  beam 
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which  shall  have  a  giren  deflection  ander  its  proof  lodi,  or  .* 
some  other  given  load ;  fowrUdy,  from  the  observed  defleedoc ;:  i 
be  required  to  deduce  the  intensity  of  the  most  serere  N^ 
The  following  are  the  roles : — 

To  find  the  eurvcOure  (that  is,  the  reciprocsl  of  the  nl. 
corvatnre)  of  an  origiosllj  straight  beam  at  a  givn  r 
section. 

L  The  cross-section  under  its  proof  stress.     Divide  ik  " 
stress  ( /J  bj  the  distance  of  the  most  severely-stmned  ^' 
from  the  neutral  axis,  and  by  the  modulus  of  eksdctj 
quotient  will  be  i\k%  jproof  cwrvtUure ; 

U^ : 

II.  The  bendiug  moment  given.     Divide  the  bending  r ' 
by  the  moment  of  inertia  of  the  given  cross-section  (see  A' 
^7,  page  513),  and  by  the  modulus  of  elasiidty  of  the  lu 
In  symbols,  let  r  be  the  radius  of  curvature ;  then 

f""Er 

III.  To  find  the  indination  of  the  longitudinal  axis  of  tb 
to  its  original  direction  at  a  given  point.     Divide  the  leir 
the  beam  into  small  intervals  {d  a;);  multiply  the  length  c.' 

interval  by  the  curvature  at  its  centre  (giving  the  produ.:  - 

add  together  the  products  for  the  intervals  from  a  point  vb : 
beam  continues  horizontal  to  the  point  where  the  inclii^- 
required ;  the  sum  will  be  the  required  inclination ;  that  is« 

dx 


H" 


lY.  To  find  the  deflection.     Multiply  the  length  of  e^d 
interval  by  its  inclination  (obtaining  ^e  product  idx)\  & 
gether  those  products  for  the  intervals  extending  bet  we-: 
highest  and  lowest  points  of  the  beam ;  the  sum  will  be  the  n* . 
deflection;  that  is, 


=/' 


dx. 


The  preceding  is  the  general  method.  The  following  tx^ 
rules: — 

Let  e  be  the  half-ipan  of  a  beam  supported  at  both  end.'. 
length  of  a  bracket  fixed  at  one  end  j  A,  the  extreme  depth :  an 
extreme  breadth  of  the  beam ;  W,  any  given  load ;  /^  tbc 
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tresa ;  m'  h^  the  diatance  of  the  most  severelj-strained  layer  from 
he  neutral  axis ;  I,  the  momeDt  of  inertia  of  the  greatest  cross* 
ection  ;  m",  n",  m"',  n"',  numerical  factors  (see  Table  below), 
y.  Qreatest  inclination  under  proof  load ; 


VL  Proof  deflection ; 


Em'h 


1—  V.^'h*  v"v 


Em'A 


YII.  Oreatest  inclination  under  a  given  load,  W; 


»\  = 


£1 


YIII.  Deflection  under  a  given  load,  W; 


•'i= 


n 


m 


Wc» 


£1 


A.  Uniform  CBOSS-SBcnoK. 

I.  Constant  Moment  of  Flex- ) 
we, / 

II.  Fixed  at  one  end,  loaded  ) 
at  other, j 

III.  Fixed  at  one  end,  uni- 
formly loaded, 

lY.  Supported  at  both  ends,  ) 

loaded  in  middle, /     "^ 

Y.  Supported  at  both  ends, )      2 
uniformly  loaded, /      3 


Proof  Load. 
FMtorafor 
Slope.   DeflaolioiL 


\  \ 


1 

2 
1 

3 
1 


1 

2 
1 

3 
1 

4 
1 

3 
5 

15 


(7.) 


.(a) 


AnyLoftd. 
Fteeton  for 
Slopak    DellMlloiL 


1 

2 

1 

6 
1 

i 

1 


1 

3 

\^ 

8 
1 

I 
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B.  Uniform  Strength  and  Uni- 
form Dkpth. 

(The  curvature  of  these  is  uniform.) 

YI.  Fixed  at  one  end,  loaded  ) 
atother, j 

YII.  Fixed  at  one  end,  uni- ) 
formly  loaded, j 

rill.  Supported  at  both  ends,  ) 
loaded  in  middle, j 

IX,  Supported  at  both  ends, ) 
uniformly  loaded, j 


1 

1 

I  ... 

1 

...  2  ... 

...  g 

1  ... 

1 

1 

1 

...  ^  ... 

...     ^     ... 

...  ^ 

1  ... 

1 

1 

1 

.  ••      TT      . .  • 

...  J  ... 

...  J 

1  ... 

1 

1 

1 

* . *     ^Z    ... 

. ..     "T     ... 

...  g 
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Proof  Loftl  Any  It' 

Ktaottjcb.  Factors  for         „"^^ 

Slope.   DeflwOoo.  Skp.  .-    i 

C.  XTinroRM  Strength  and  TJki-  ^    mr       r       •"     • 
FORM  Breadth. 

X.  Fixed  at  one  end,  loaded  )      q            ^  4 

at  other, j      ^  3  1 

XI.  Fixed  at  one  end,  uni-  )       .  ^  .^    ,       •  c„:*^   I 
fonnly  loaded...... }      ""^'^^  ^      «'^*   : 


XIL  Supported  at  both  ends, )      ^ 
loaded  in  middle, / 


1     1 
3 ' 


XIII.  Supported  at  both  ends,  I   ,  e»no  a  e>rno  a  «»>->- 
uiiformly  loaded,....?  }  15708  0-5708  0-39., 

IX.  Given,  the  half-span,  c,  and  the  intended  proof  ^f* 
of  a  proposed  beam;  to  find  the  proper  valae  of  the^rat:' 
Hq;  make 

^-Ew'V 

Staking  n'  from  the  preceding  table,  and  making  m'  K^  l'  ' 
lenote  the  distance  from  the  layer  in  which  the  stress  b.V 
neutral  axis). 

X.  To  deduce  the  greatest  stress  in  a  given  layer  of  a  Wi 
the  deflection  found  by  experiment. 

Let  h  be  the  depth  of  the  beam  at  the  section  of  greaV^ 
and  y  the  distance  from  the  neutral  axis  of  that  secti- 1  ^ 
layer  of  the  beam  at  which  the  greatest  stress  is  required:-^ 

c,  the  half-span  of  a  beam  supported  at  both  ends,  or  t: 
of  the  loaded  part  of  a  l^am  supported  at  one  eni; 
n',  the  factor  for  proof  deflection,  already  explained; 
E,  the  modulus  of  elasticity  of  the  material ; 
V,  the  observed  deflection; 
then  the  intensity  of  the  required  stress  is 


nTc^' 


XI.  To  find  the  deflection  of  an  uniform  beam  prodcv^ 
own  weight,  or  by  an  uniform  load  bearing  a  given  ]■' 
1  4*  m,  to  the  weight  of  the  beam.  Let  to  be  the  hearii. 
material  of  which  the  beam  consists;  r*  =  I  -?-  S,  the  sq'u 
radius  of  gyration  of  its  cross-section;  n'*,  as  before,  the : 
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leflection  under  a  given  load;  then,  for  a  beam  supported  at  both 

nds, 

«^  =  ^1  +  "^J    Ef^    ' ^"-^ 

ad  for  a  bracket  fixed  at  one  end, 


=  fl  +  mj 


^- (12.) 


A  table  of  values  of  t^  will  be  given  at  p.  525.     The  application 
'  this  problem  to  shafls  for  transmitting  power  will  be  explained 

the  next  Chapter. 

440.  BMW  flMcd  at  the  Ba4^ — When  a  beam  is  not  merely 
pported,  but  fixed  in  direction  at  its  two  ends,  it  bends  into  the 
rm  of  a  curve  which  has  two  points  of  inflection ;  being  convex 
iwards  at  the  points  of  support,  and  concave  upwards  in  the 
iddle.  The  following  are  the  two  most  important  cases;  the 
)ss-section  of  the  beam  being  supposed  uniform  in  both : — 
I.  Load  concentrated  at  middle  of  span.  The  bending  moments 
the  points  of  support  and  at  the  middle  of  the  span  are  equal 
d  contrary,  and  each  equal  to  half  of  the  bending  moment  upon 

equal  and  similarly  loaded  beam  with  ends  merely  supported; 

it  18,  M  =  —J—. 

Factor  for  proof  deflection,  n*  =  g» 

Factor  for  deflection  under  a  given  load,  vT  =  -^j. 

T.  Load  uniformly  distributed.     The  bending  moment  at  tlie 

Idle  of  the  span  is  one-third,  and  the  contraty  bending  moment 

»ch  point  of  support  two-tliirds,  of  what  the  bending  moment 

ho  middle  of  the  span  would  be  if  the  ends  were  merely  sup- 

to  c^ 
e<3«     That  is,  the  most  severe  bending  moment  is  M  »  —  — ^» 

'actor  for  proof  deflection,  n*  =  ^. 

'actor  for  deflection  under  a  given  load,  n"  =  -^. 

i  1 .  The  RMiiicBcc  •€  m  Bcaw  (A.  M.,  305)  is  the  ux>ri  per^ 
ted  in  bending  it  to  the  proof  deflection ; — in  other  words,  the 
jf/  of  the  greatest  shock  which  the  beam  can  bear  without 
ry ;  such  enci^  being  expressed  by  the  product  of  a  weight 
the  height  from  which  it  must  fall  to  produce  the  shock  in 


i  -iifr    T^iTcr    r  .skii  "He    r^>r   -.na   n^o  m-r  "•?*«;:  irir- 

^  "O  -AV-      ^   r    .e    He   TT?ur    •JflUi..   "Xea  "Hi?  .'TsiJ.rfli:*  s 

"3    » 


"^    e  "He  ^»Hiizr    r  k  Tnt^  '»"^.:a.  ^  -trT  i^  "ir-  - 
rr'-OL    Ht    li^ijn-   i.      rr:**n.  Tie  '▼H'-.e   iric^r  iir^»:j  ▼ 
imas  M*.-3.    t-f-rr^  lie  ^•aizi  mu:s«r*   is  Tpv.r    it-d'm  -e.  . 
LCI     He  v^'.ie    -certr^  -I  "He    How  wmca   n  £Tv»a  2  Hi* 

:::^wzi  ->i^Tarrim. — 

P  -. 


^  c  ^  r,.  = 


-•..  T*    e  :aL*CTi-i.CJe»i  "VHt^    lie  »Tiirr  -hri^  im  zi-'HI- 

If  'He  v,a*i  A  iiaa::l;Tiie«j.  :3ie  l«iirii  ii  'lie  >^aiii  a  x   ••  - 
-i'lo  ^  I'lTTi  -t*r  t£  «m!^   nemeais.  And  a-uf  tiie  pr"*«?i  -  •- 
-iemea*    E.'i*nr-ita.   vr  oie  liscsuice  ramiiiT'i  Triiicii  ^^lu  - 
jtrr?t3Biiti.      riijfr  juctirai  >i  :in»  prrMiiics  will  '>^  tne  r^^r..--- 

"^iie  mme  Tit.aiiiTis  n  -tiaaziinzv,  denoced  bv  E   rAii*re  -k*-  • 

pair*  VjJ- 

Toe  pr«r«ear  Article  iaa  recarence  to  direct  4c«l  szn'.- 
onij.  ind  -s  limiced  :»  tiitjse  cashes  in  whicfa.  the    pu-i.-* 
Knta.  IT  r*^*!**  il<  njr  which,  ihe  thrurt  tcts  are  ii«-»c  ?i>  !■  --; 
Dflirj.ca  "Sii  "uitMT  inifnecer  us  no  hA^e  a  ^ensi -le  tendency  ^  : 
bv  VmiiniT  ^nie^vivi     T^«:«e  causes  oomprehend— 

Srr,ae  anii  onck  puLirs  and  bL«:<!k3  of  ordin;irT  prop-'r' 

P^IIafs.  r>«ia,  and  ?tnt3  of  ca^t  iron,  in  which  the  iecC 
mor^  than  live  timt^s  the  tiiimeter,  approximately ; 

PUlara,  ro«ia,  and  strnta  of  wronght  irsn,  in  whid  th< 
not  more  than  ten  times  the  diameter,  appro: 

Pillars,  rrxU,  anrl  atrnta  of  dry  timber,  in  '^*"' 
more  than  akont  five  times  the  diameter. 

In  snch  cases  the  Rnles  for  the  streiig 

apjrt'oximat^ly  applicable,  8ul>srtituting  thr: 

the  f/rofier  modulun  of  resistance  to  dired 
t'^mrity. 


:_L    At 


SESIBTANOE  TO  THRUST. 


^23 


Blocks  whose  lengths  are  less  than  about  once-and-a-half  their 
iameten  offer  greater  resistance  to  crushing  than  that  given  by  the 
lules;  but  in  what  pK)portion  is  uncertain. 

The  modulus  of  resistance  to  direct  crushing,  as  the  Tables  show, 
ften  differs  considerably  from  the  tenacity.  The  nature  and 
nouQt  of  those  differences  depend  mainly  on  the  modes  in  which 
le  crushing  takes  place.     These  may  be  classed  as  follows : — 

I.  Cnuhing  by  spliUing  (fig.  275)  into  a  number  of  nearly 
*ismatic  fragments,  separated  by  smooth  surfaces  whose  general 
rection  is  nearly  paraUel  to  the  direction  of  the  load,  is  character- 
tic  of  very  hard  homogeneous  substances,  in  which  the  resistance 

direct  crushing  is  greater  than  the  tenacity;  being  in  many 
lamples  about  double. 


Fig.  276. 


Rg.  277. 


Fig.  278. 


IT.  CruMng  by  shearing  or  diding  of  portions  of  the  block  along 
lique  surfaces  of  separation  is  characteristic  of  substances  of  a 
inular  texture,  like  cast  iron,  and  most  kinds  of  stone  and  brick, 
metimes  the  sliding  takes  place  at  a  single  plane  surface,  like 
B  in  fig.  276 ;  sometimes  two  cones  or  pyramids  are  formed,  like 
c,  in  fig.  277,  which  are  forced  towards  each  other,  and  split  or 
Ive  outwards  a  number  of  wedges  surrounding  them,  like  vo^  w, 
the  same  figure.  In  substances  which  are  crushed  by  shearing, 
3  resistance  to  crushing  is  always  much  greater  than  the  tenacity; 
metimes  the  block  splits  into  four  wedges,  as  in  fig.  278. 
ni.  Cnuhing  by  bulging,  or  lateral  swelling  and  spreading  of 
f  block  which  is  crushed,  \a  characteristic  of  ductile  and  tough 
terials,  such  as  wrought  iron.  Owing  to  the  gradual  manner  in 
ich  materiab  of  this  nature  give  way  to  a  crushing  load,  it  is 
icult  to  determine  their  resistance  to  that  load  exactly.  That 
Lstanoe  is  in  general  less,  and  sometimes  considerably  less,  than 
tenacity,  in  wrooght  iron,  the  resiBtance  to  the  direct  crush- 
of  pillars  or  struts  of  moderate  length,  as  nearly  as  it  can  be 

IB  from  ^  to  j;  of  the  tenacity. 

by  bveJding  or  crippling  is  characteristic  of  fibrous 

^  wood,  under  the  action  of  a  thrust  along  the 

S  a  lateral  bending  and  wrinkling  of  the  fibres, 

id  fay  a  splitting  of  them  asunder.    The 


V. 

.t.'t; 
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resistance  of  such  substances  to  crashing  is  in  genenl  colv. - 
less  than  their  tenacity,  especially  where  the  latenl  adbesi  '!i 
fibres  to  each  other  is  weak  compared  wiUi  thdr  tcMci'j 
resistance  of  most  kinds  of  timber  to  crashing,  whai  dry.  i 

1       2 

^  to  «  of  the  tenacity.     Moisture  in  the  timber  weakens  ft  . 

adhesion  of  the  fibres,  and  reduces  the  resistance  to  cn>-  - 
about  one-half  of  its  amount  in  the  dry  state. 

443.  CraMiiag  hj  CrM«-Bi««kias. — Long  struis  and  V 
framework,  and  rods,  bars,  or  links  in  madiinery,  wbicL  r 
thrust,  give  way  by  bending  sidewajrs  and  breaking  screws.  . 
be  the  breaking  load  of  such  a  piece;  S,  its  sectiooal  ar^^ 
length ;  r,  the  least  ffeomelrical  radius  ojfgyraiion  of  its  cto!^^ 
y  and  c,  two  co-efficients  depending  on  the  material;  thea 

L  For  a  piece  fixed  in  direction  at  both  ends; 

P  / 

1  +    -. 
c  r* 

II.  For  a  piece  jointed  at  both  ends  (sach  as  a  link  or : 
ing-rod  in  machinery) ; 

p_    / 

III.  For  a  piece  jointed  at  one  end  and  fixed  in  direct; : 
other  (such  as  a  piston-rod); 

P,         / 

s  ~  .  .  il? 

9cr« 

The  square  of  the  radius  of  gyration  referred  to  is  gi^ 
expression, 

•5  =  1-    ....  

where  S  is  the  area  of  cross-section  of  the  piece,  and  1 1'> 
trical  moment  of  inertia  of  that  cross-section  about  a  ne : 
perpendicular  to  the  direction  in  which  the  piece  is  ts^o^'^ 
(See  Articles  437,  439,  pages  513,  519.) 

Values  of  the  Constants  fob  the  Breaking  L' 

/ 

Lbs.  oo  the  Sqnmro  IndL 

Malleable  iron, 36,000  i^' 

Cast  iron,.... 80,000  6< 

I>iy  timber,  strong  kinds,. 7»30O  3* 
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Tablb  of  Values  of  r^  for  Diffsrert  Forms  of 

Cross-Sigtiov. 

>lid  rectangle;  least  dimen- )  AS  •  12. 

sion  =  h; j  "^ 

ollow  square  tube;  dimen- )  ^jm      ti^v   .10 

sioDs,  outside,  A;  inside,  A';  j  ^  ' 

lin  square  cell;  side  =  h; h*  -t-  6. 

tin  rectangularoell ;  breadth, )  ^  ^  h  -^  3  h 

b;  depth,  A; /  BTTT"* 

lid  cylinder;  diameter  =  A;...  A'  4-  16. 

3llow  cylinder;    diameter, )  /it  .   it\       t  i* 

outside,  A;  inside,  A'; /  t*    -^  *^  "^  ^^• 

tin  hollow    cylinder;   dia- )  i«  o 

meter  -  A;.... /  *    '  ^ 

)gle   iron  of  equal    ribs; )  .*  ». 

breadth  of  each  =  b,. f  6    -i-  J4. 

OSS  of  equal  arms; A'  -i-  24. 

iron ;  breadth  of  flanges,  b;\  MA 

their  joint  area,  A ;  area  of  >  -^  • =-. 

pireb,  B; j  12  A  +  B 

annel  iron;  depth  of  flanges)  t          k                     a  d        1 

4-  A  thickness  of  web,  A;  >A«'<  .,,  ^     ^   + ^LE_.  I 

.reifof  web,B;  of  flange^  a)  )  112  (A  -h  B)  -"  4  (A  -h  B)«  / " 

the  dimensions  being  in  the  same  units  of  measure. 

44.  c«llapriac  mi  Takw. — ^When  a  thin  hollow  cylinder,  such 

in  internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 

opting,  under  a  pressure  whose  intensity  was  found  by  Mr. 

rbaim  (PAtto.  TranM.^  1858)  to  vary  nearly  according  to  the 

>wing  laws : — 

nversely  as  the  length ; 

nveraely  as  the  diameter ; 

Hrectly  as  a  function  of  the  thickness,  which  is  very  nearly 

power  whose  index  is  2*19 ;  but  which  for  ordinary  practical 

losea  may  be  treated  as  sensibly  equal  to  the  $quam  of  the 

Icneas. 

he  following  formula  gives  approximately  the  oMapaing  prmMure^ 

I  Iba.  on  the  square  inch,  of  a  plate-iron  flue,  wnose  length,  /, 

leter,  d^  and  thickness,  <,  are  all  expressed  in  (As  mais  uniU  of 

p  =  9,672,000^ (1.) 
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For  kilogrammes  on  the  square  millimetre,  the  eoost^i: 
efficient  becomes  6,800. 

Mr.  Fairbairn  having  strengthened  tubes  by  ri^ettiBg  r 
them  rings  of  T-iron,  or  angle  iron,  at  eqaal  distances  apart, : 
that  their  strength  is  that  corresponding  to  the  length  ^rom  - 
ring» 

He  also  found  that  the  collapsing  pressure  of  &  tube  of  an 
form  of  cross-section  is  found  approidmately  by  sabstitudr: 
in  the  preceding  formula,  the  dmmeter  of  the  osculating  <:j 
the  flattest  part  of  the  ellipse;  that  is,  let  a  be  the  greater. : 
the  lesser  semi-axis  of  the  ellipse ;  then  we  are  to  make 

-       2a« 
^^"^ 
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CHAPTER  IIL 

OF  SPECIAL  PRINCIPLBS  RELATINO  TO  STRBNGTH  AND  RlFniBSB 

IN  MACHINES. 


445.  i«ft|ectB  mi  tfcta  ChaiHcv* — In  tbe  desigmng  of  machines 
ith  a  yiew  to  sufficient  strength  and  stiffness,  certain  special 
rinciples  must  be  kept  in  view  besides  those  general  principles 
hich  are  applicable  to  machines  in  comm^on  with  structures.  The 
■at  section  of  this  Chapter  gives  a  summaiy  of  those  principles ; 
e  remaining  sections  relate  to  the  strength  and  stiffness  of  certain 
ecial  parts  of  machinesL 

Section  I. — Summary  qfPrincipUB. 


446.  i<««4  ta  UTachiaea. — In  most  examples  of  machinery  the 
3ole  load  must  be  treated  as  a  live  load,  because  of  its  action 
ing  accompanied  with  vibration ;  and  also  in  many  cases  because 
e  straining  action  of  the  load  operates  upon  diifferent  sets  of 
rticles  in  succession,  and  comes  with  more  or  less  suddenness  upon 
zh  sets  of  particles.  In  some  of  these  latter  cases  the  straining 
Jon  of  the  load  upon  a  given  particle  is  periodically  reversed ; 
example,  the  bending  moment  exerted  on  a  rotating  BhaSt  causes 
ernate  tension  and  thrust  to  be  exerted  upon  the  same  ])article, 
it  passes  alternately  to  the  stretched  and  to  the  compressed  side 
the  axle. 

Elenoe  the  real  factor  of  safety  in  machinery  is  seldom  less 
n  6. 

There  are  exceptional  cases  in  which,  owing  to  the  smoothness 
the  motion  and  the  steadiness  of  the  straining  action,  the  load 
f  be  considered  as  intermediate  between  a  dead  load  and  a  live 
i,  so  that  a  smaller  factor  of  safety  is  sufficient;  such,  for 
mple,  as  the  transmission  of  power  through  bands  of  such  length 
o  hang  in  a  sensibly  curved  form. 

47.  flivBliita«  AdlMM  ■•■ipwiaJ  itmm  Wmwmr, — The  straining 
^ns  on  moving  pieces  can  be  in  some  esses  wholly,  and  in  others 
ly,  determined  from  the  power  transmitted,  and  from  the  speed, 
nethods  of  calculation  which  will  be  described  and  exemplified 
fier  on.  The  cases  in  which  the  straining  action  can  be  wholly 
rmined  from  the  power  transmitted  are  those  which  fulfil  the 
wing  conditions:  uniformity  of  effort,  absence  of  lateral  eoin- 
fUs  in   the  straining  forces^  and  smallness  of  the  straining 
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actions  dae  to  the  weight  and  to  the  re-action  of  the  piece  itself 
and  of  pieces  carried  by  it,  so  that  those  parts  of  the  stndning 
action  may  be  treated  as  insensible. 

The  rules  for  computing  straining  actions  from  power  tnnsr 
mitted  are  the  following : — 

L  To  compute  the  effort  exerted  along  a  given  line  of  eon- 
nection ;  divide  the  power  transmitted,  in  units  of  work  per  seoood, 
by  the  common  component  along  the  line  of  connection  of  the 
velocities  of  the  connected  points. 

If  the  power  is  given  in  norses-power,  reduce  it  in  the  fint  place 
to  units  of  work  per  second,  by  multiplying  by  550  for  foot-lfaa,  or 
by  75  for  kilogramm^tres. 

II.  To  compute  the  straining  moment  exerted  through  a  given 
rotating  piece;  divide  the  power  transmitted,  in  units  of  work  in 
a  given  time,  by  the  angular  motion  in  the  same  time :  that  ia,  bj 
2  V  times  the  number  of  turns  in  that  time. 

In  symbols,  let  U  be  the  power,  in  units  of  work  per  minate; 
N,  the  number  of  revolutions  per  minute;  M,  the  straining  mo- 
ment; then 

^         U  0159155  IT  ,,, 

^  =  27N  =  N ' ^^'^ 

This  formula  gives  the  moment  in  the  same  denomination  vith 
the  work.  If  the  work  is  given  in  foot-lbs.  per  minute,  and  tbe 
moment  is  required  in  inch-lbs.,  the  above  expression  most  be 
multiplied  by  12 ;  that  is^ 

12U_1-91T7 

Let  H  P  denote  the  number  of  horses-power  transmitted,  to 
that 

U  in  foot-lb&  per  minute  =  33000  H  P ;  and 
U  in  kilogramni^tres  per  minute  =  4500  H  P; 

then  we  have 

^.    .    ,„          63000  HP  ,,, 

M  m  mch-lbs.  = ^ ; (*) 

T^.    .    ...          5250  HP  ... 

M  m  foot-lb&  = ^ — ; •.•..(4.) 

xr-    vi             X4           716-2  HP  ... 

M  in  kuogrammetres  = =^^ (5.) 

The  formula  for  kilogrammdtres  is  adapted  to  the  French  hor»- 
wer,  which  is  about  one-seventieth  part  less  than  the  BriUah. 
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In  the  cases  in  which  part  only  of  the  stndning  action  can  be 
iletermined  from  the  power  transmitted,  the  causes  of  additional 
straining  action  are  the  following: — Excess  of  maximum  effort 
ibovemeaneffoi't;  lateral  components  in  straining  forces;  weight 
)f  the  piece  itself  and  of  pieces  carried  by  it ;  re-actions  of  the  piece 
tseJf  and  of  pieces  carried  by  it^  when  undergoing  acceleration  or 
ctardatioD.  It  has  already  been  stated  in  Article  414,  page  488, 
hat  such  additional  straining  actions  are  sometimes  oalculated 
xpressly,  and  sometimes  allowed  for  by  using  an  apparent  factor 
f  safety  greater  than  the  mean  factor  of  safety  in  a  suitable  pro- 
)rtioD. 

There  are  cases  in  which  the  best  method  of  calculating  the 
raining  action  is  to  determine  directly  the  greatest  load,  without 
ference  to  the  power  transmitted. 

448.  AlicffiMie  scrmiiu. — Pieces  are  often  met  with  in  machinery 
hich  are  strained  alternately  in  opposite  directions,  such  being 
pecially  the  case  when  the  motion  is  reciprocating:  for  example, 
e  piston-rod  and  connecting-rod  of  a  steam  engine,  which  are 
bjected  alternately  to  tension  and  to  thinist;  and  the  beam  of  a 
?am  engine,  which  is  exposed  alternately  to  bending  actions  in 
posite  directiona  Such  pieces  must  be  adapted  to  resist  effi- 
ntly  the  straining  action  in  either  direction,  and  especially  that 
n'ch  is  most  severe.  This  principle  is  applicable  to  framing  as 
11  as  to  moving  pieces. 

449.  SimtalBC  BfltetB  •€  B«-scitoa. — ^When  the  particles  of  a 
ce  undergo  changes  of  speed  and  direction,  their  re-actions  pro- 
se straining  effects  resembling  those  produced  by  their  weights; 
i  regard  being  had  to  the  directions  of  those  re-actions,  and  to 

ratios  which  they  bear  to  the  weights  of  the  particles.     For 
mple,  if  a  particle  of  the  weight  to  undergoes  the  acceleration 
in  the  time  d  <,  the  re-action  of  that  particle  is 

gdr ^^'^ 

is  exerted  in  a  direction  opposite  to  that  of  the  acceleration 
icle  287,  page  330);  and  if^a  particle  of  the  weight  w  revolves 
the  angular  velocity  a,  in  a  circle  of  the  radius  r,  its  re-aotion 
entrifagal  force)  is 

•^'. (3.) 

is  exerted  in  a  direction  away  from  the  centre  of  the  circle 
cle  288,  page  330^ 

many  cases  of  reciprocating  motion  in  machinery,  the  motion 
i  reciprocating  mass  is  harmonic  (as  to  the  meaning  of  ^bich, 
rticle  239,  page  250);  and  then  its  greatest  re-action  is  eqnal 

2  X 
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y: 


to  what  i\a  oentrifiigal  force  would  be  if  it  reTolvel  in  & 
equal  to  the  time  of  a  double  stroke,  in  a  aide  of  ai»fe^" 
to  the  half-stroka     Let  T  be  the  period,  or  time  of  a  doubk  a 
in  seconds;  x,  the  half-stroke;  w,  the  weight  of  the  reGprjai -^ 
mass;  then  its  greatest  re-action  is 


4  »*    u>x 


A      9 

The  co-efficient  — ^  is  the  reciprocal  of  j^  which  is,  as  *^' 

stated  in  Article  319,  page   364,  the    altitude  of  a  t^; 
pendulum  whose  period  is  one  second;  that  is,  nearly,  0^i    i 
or  9*78  inches,  or  248  millimltrea 

The  momervt  ofre-dction  of  a  mass  which  undergoes  wi  *  ' ' 
tion  of  angular  velocity,  d  a,  in  the  interval  of  time  i  <,  is  &-  ^ 
the  expression 

Ida 

gdt' 

in  which  I  denotes  the  moment  of  inertia  of  the  rotatir:  i 
(Article  313,  page  358).     If  the  mass  has  a  rocking  or  o^ 
motion,  following  the  harmonic  law,  about  its  axis,  the  r  i 
moment  of  re-action  is  as  follows : — 


in  which  T  is  the  periodic  time  of  a  complete  or  double 
tion,  and  i  the  aemi-amplUude;  that  is,  the  angle  in 
measure  through  which  the  stroke,  or  oscillation,  exteni^ ' 

side  of  the  middle  position  of  the  rocking  bodj.     Value? 

have  already  been  given. 

The  moments  of  re-action  given  by  the  formulae  (4)  and 
constitute  twisting  moments  upon  shafts,  or  bending  d> 
upon  levers. 

450.  FnuBew«iiu— The  load  which  strains  the  framew  : 
machine  consists  partly  of  the  weight  of  that  framework  iv> 
principally  of  the  bearing-pressures  exerted  by  the  moving 
How  those  bearing-pressures  are  to  be  determined  has  aliv:t 
shown  in  the  course  of  Part  II.,  Chapter  IV.,  Section  I 
framework  ought   to  be  so  designed  as  to   make  the  i' 
pressures  at  different  points,  or  the  components  of  thos^  ^' 
pressures,  as  far  as  possible  balance  each  other.      \V1> 
principle  is  perfectly  carried  out,  the  pressure  exerted 
machine  on  its  foundation  will  consist  simply  of  its  wei. 
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he  horizontal  ootnponents  of  the  bearing-pressares,  and  all  the 
(earing-preaaureB  which  act  in  couples,  being  mutually  balanced. 
["his,  however,  is  possible  only  when  the  pnme  mover,  the 
working  machinery,  and  the  material  operated  upon,  are  all 
arried  by  one  connected  assemblage  of  framework.  In  other 
ases,  all  that  can  be  attained  is  an  approximation  to  the  balance  of 
orizontal  pressures  and  of  couples.  When  two  bearings  occur 
ear  each  other  that  are  exposed  to  opposite  pressures,  or  to 
ressures  containing  opposite  components,  it  is  in  general  ad- 
isable,  in  designing  the  frame,  to  connect  those  bearings  with 
ach  other  as  directly  as  possible,  by  means  of  a  strut  or  of  a  tie. 

451.  miamm  «■«  PlteMiitr* — In  all  cases  in  which  precision  of 
lovement  is  required,  stiffness  is  essential  both  to  the  moving 
ieces  and  to  the  framework  of  a  machine.  It  is  ensured,  first, 
yr  causing  the  pieces  exposed  to  strain  to  resist  it  as  far  as 
racticable  by  direct  tension  and  direct  thrust,  rather  than  by 
v^iiiting  or  bending  sti-ess  (Article  420,  page  493;  and  Article 
12,  page  522);  and  secondly,  where  indirect  modes  of  exerting 
ress  are  unavoidable,  to  give  the  piece  such  transverse  dimensions 
I  are  necessary  in  order  to  prevent  the  extent  to  which  it  yields 
om  exceeding  a  certain  limit  (Article  430,  page  502;  Article 
\9,  page  517).  According  to  the  first  of  those  principles,  the 
a  me  work  and  the  moving  pieces  of  a  machine,  where  rigidity  i& 
quired,  should  consist,  as  &r  as  practicable,  of  struts  and  ties;, 
cording  to  the  second  principle,  where  beams  have  to  be  used, 
e  depth  and  span,  and  where  shafts  have  to  be  used,  the  diameter 
id  span,  are  to  be  so  proportioned  to  each  other  as  to  prevent 
e  ratio  of  the  deflection  to  the  span  from  exceeding  a  certain 

nit  f  usually  from  .         to  oTjoo)*     -^^  special  rule  applicable 

shafts  will  be  given  further  on.  As  to  beams,  see  |)age  520. 
On  the  other  hand,  there  are  cases  in  which  absolute  precision 
movement  is  unnecessary,  and  in  which  pliability  is  an  ad  van- 
re,  as  giving  the  power  of  withstanding  shocks.  This  advantage 
possessed  by  leathern  belts,  and  by  raw  hide  and  hempen  ropes, 
muse  of  the  great  extensibility  of  the  materials.  Wire  ropes, 
len  stretched  tight,  possess  it  to  a  less  degree ;  but  when  of  a 
m  sufficient  to  hang  visibly  in  curves,  the  power  of  alteration 
curvature  constitutes  a  kind  of  pliability,  which  enables  shocks 
be  borne ;  and  the  same  remark  applies  to  chains  when  hanging 
:;k.  Pliability  in  the  shape  of  compressibility,  where  thrust  has 
l>e  resisted,  as  in  connecting-rods,  is  obtained  by  using  timber, 
hsLS  already  been  stated  in  Article  409,  page  474.  B^ms,  and 
ced  acting  as  beams,  are  made  flexible  to  any  extent  required,  by 
Icing  the  depth  sufficiently  small  in  comparison  with  the  sfMn, 
breadth  being  at  the  same  time  made  sufficiently  great  to  give 
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the  requisite  strength ;  or  by  using  tough  and  pliable  kinds  of 
timber,  such  as  those  mentioned  in  Article  409,  P<^  473,  as 
possessing  those  qualities. 

452.  CompMiad  strvM. — ^Both  in  moving  pieces  and  in  framewoik, 
but  especially  in  moving  pieces,  straining  actions  of  different  kinds 
are  sometimes  compounded :  as  direct  tension  or  direct  thmst  with 
bending,  or  bending  with  twisting.  In  such  cases  the  resultant 
stress  arising  from  the  combination  must  be  taken  into  aooonnt 
The  rules  applicable  to  the  cases  of  this  sort  which  common]  j  occur 
in  pi*actice  will  be  given  in  the  course  of  the  ensuing  sections  d 
this  Chapter. 

Section  II. — Special  Rules  as  to  Bands,  Rods,  and  Links. 

453.  Bclui  and  €)me4»  at  noacmte  Speeds. — ^The  effective  woiking 
tension  required  at  the  driving  side  of  a  band  is  to  be  found  by  tbie 
rules  already  given  in  Article  310  a,  pages  351,  352.  When  the 
speed  at  which  the  band  runs  is  such  that  the  centrifugal  tension 
may  be  disregarded,  and  when  the  band  is  a  belt  or  cord  c^ 
organic  material,  such  as  leather,  raw  hide,  gutta  percha,  or  hemps 
the  working  tension  is  to  be  divided  by  a  suitable  co-efficient  of 
working  strength,  so  as  to  give,  according  to  the  nature  of  the 
co-efficient  employed,  either  the  weight  per  unit  of  length,  or  tie 
sectional  area;  or,  in  the  case  of  flat  belts  of  a  given  thickness^  the 
breadth ;  or,  in  the  case  of  cords,  the  square  of  the  diameter,  or 
the  square  of  the  girth.  Co-efficients  adapted  to  those  diflfevmt 
methods  of  calculation,  and  to  different  materials,  have  already 
been  given  in  Article  410,  pages  474,  475,  476. 

454.  Allowaacc  for  Ccatrifagal  Teasloa. — When  the  Speed  is  SO 

great  that  it  becomes  necessary  to  allow  for  centrifugal  tension, 
the  co-efficient  of  working  strength  to  be  used  is  that  which  is 
expressed  in  the  form  of  an  equivalent  length  of  the  band  itselC 
Let  that  length  be  denoted  by  b»  Let  v  be  the  velocity  with  which 
the  band  is  to  run;  then  the  centrifugal  tension,  expressed  in 

length  of  band,  is  — ;  and  this  is  exerted  at  every  point  of  the 

if 

band,  in  addition  to  the  effective  tension  required  for  the  trans- 
mission of  power;  so  that  after  deducting  the  centrifugal  tension^ 
the  strength  which  remains  available  to  resist  the  effective  tension  is 

*o  =  6-f; (!•) 

when  expressed  in  length  of  band.  Therefore,  let  T.  be  the 
effective  working  tension  required  at  the  driving  side  of  tne  band ; 
to  S,  the  weight  of  an  unit  of  length  of  the  band  required;  then 
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10  S  =  -^ (2.) 

0  ^  — 

9 


The  weight  per  nnit  of  length  is  expressed  in  the  form  of  a 
product)  to  S;  in  which  S  denotes  the  sectional  areai  and  to  the 
heaviness  of  the  material 

455.  win  BopM  present  a  case  in  which  direct  tension  is 
combined  with  an  additional  stress  produced  by  the  bending  of  the 
wires  ronnd  the  pulleys.  Let  D  be  the  diameter  of  a  pulley;  d, 
that  of  a  single  wire;  E,  the  modulus  of  elasticity  of  the  wire;  then 
the  bending  produces  a  stress  which  is  tensile  at  one  side  of  the 
wii-e,  and  compressive  at  the  other,  and  whose  intensity^  in  units 

E  d 

of  weight  on  the  unit  of  area,  is  -yr- ;  and  in  length  of  the  rope. 

Erf 

— T^  9  w  being  the  heaviness  of  the  material. 

to  D  ® 

Let  (,  as  before,  be  the  safe  working  strength  expressed  in  length 

of  rope;  v,  the  velocity  at  which  the  rope  runs;  then  the  strength 

in  length  of  rope,  available  to  resist  the  effective  working  tension 

at  the  driving  side,  is 

6.       «•      Ed  ,-  . 

'  ^      to  D  ^   ' 

and  the  weight  per  unit  of  length,  to  S,  of  a  rope  suited  to  bear  the 
effective  working  tension  Tp  is  given  by  the  following  equation: — 

"8  =  — ^^- (3) 

9     toD 

The  most  convenient  way  of  using  this  formula  is  to  fix  a  mini- 
mum value  for  the  ratio  D  -f-  rf,  in  which  the  diameter  of  the  pulley 
is  to  exceed  that  of  a  single  wire,  and  thence  to  deduce  the  vidue  of 
the  stress  E  rf  -»>  to  D,  produced  by  bending.  Then,  having  calcu- 
lated the  weight,  to  S,  per  unit  of  length,  the  diameter,  dy  of  a  single 
wire  is  to  be  deduced  from  that  weight,  and  the  least  propev 
diameter  for  a  driving  pulley,  D,  by  multiplying  d  by  the  previously 
fixed  ratio. 

An  ordinaiy  value  of  D  -^  rf  is  2000. 

A  wire  rope  of  the  ordinaiy  construction  consists  of  six  strands 
Rpun  round  a  hempen  core;  and  each  of  the  strands  consists  of  six 
wires  spun  round  a  smaller  hempen  core,  so  that  there  are  thirty* 
six  wires  in  all.  The  diameter  of  a  single  wire  is  given  with  suf- 
ficient accuracy  for  the  present  purpose  by  the  formula, 
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d  (in  fiaciioiis  of  an  inch)  =  \/  I fno^ )'^^ 

or 

d  (in  millimtea)  s  s/(H  v  S  in  kilogrammes  per  m^tre).  (3a.) 

The  following  are  Talnes  of  the  moduli  of  elasticity  and  streogtli 
for  ropes  made  of  the  best  charcoal  iron  wire.  Steel  wire  rope 
may  be  taken  as  haTing  abont  the  same  modulus  of  elasticitj,  tnd 
as  being  stronger  than  iron  in  the  propoition  of  4  to  3  nearlj. 

Veetof  MHrnor 

Bope.  Bapk. 

E 

Modulus  of  Elasticity, -, 7,500,000         9,286,000 

10 

Ultimate  Tenacity, 26,880  8,193 

Proof  Tension, I3>440  4i09^ 

Working  Tension  with  steady 

action  (factor  of  safety,  3|),*  7,680  2,340 
Working  Tension  with  unsteady 

action  (factor  of  safety,  6),...  4,480  1,365 

456.  Deflccttoa  uid  l^agik  •TBMidte.—The  form  in  which  a  ban  J 

hangs  between  two  pulleys  which  it  connects,  is  that  of  a  catenary. 
In  cases  which  occur  in  practice,  the  parabola  may  be  used  tf 
an  approximation  to  the  catenary,  without  sensible  error.  TH$ 
gives  the  following  approximate  formula  for  the  deflection  of  tbf 
band  at  the  middle  of  its  span,  below  a  straight  line  joiniog  i^ 
two  points  of  suspension : — 

^=^.' w 

in  which  e  is  the  half-span,  measured  along  the  before-mentknx^ 
straight  line,  whether  horizontal  or  sloping;  h^  is  the  lengUi  ^ 
rope  equivalent  to  the  available  ieniian  (exdnsive  of  coitnfag)^ 
tension),  and  y  is  the  deflection. 

Let  %  be  the  angle  of  inclination  of  the  span  of  the  band  to  tk 
horizon ;  and  8  the  length  of  the  part  of  the  band  which  hangs  ia 
a  curve  between  the  two  points  of  suspension;  then 

4  t/* 
•  nearly  =  2c  +  -5^.  -  cos^t. (2.) 

o    c 

When  the  span  is  horizontal,  cos  *  »  »  1. 

The  driving  and  returning  parts  of  the  band  have  difiereot 


*  This  valae  of  the  working  tennon  is  oaloaUled  from  the 

reea  given  by  ReuleAnx,  as  applicable  to  Him's  telodynamic  traaaauanoa. 

onstrueUatuJehre/Ur  Mtuehinekbau,  |  3^.) 
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Fig.  279. 


tenrions  (see  Article  310a,  page  352),  and  therefore  diffei^ent  d^ 
flection&  Their  lengths  are  to  be  calculated  separately,  and  added 
together,  along  with  the  lengths  of  the  circular  parts  of  the  band 
which  pass  round  the  puUejs. 

457.  Chatas.^ — Chains  consisting  of  oval  links,  when  the  tendenqf 
of  each  link  to  collapse  is  resisted  bj  means  of  a  cross-bar  called  a 
4tay  or  study  as  in  fig.  279,  have  a  strength  equal  to 
that  due  to  the  collective  sectional  area  of  the  two 
sides  of  the  link.  The  tenacity  of  the  iron  in  the 
link  is  reduced  by  the  processes  of  foigiug  and  welding 
so  as  to  be  from  J  to  i  of  that  of  the  cable-iron 
bolt  from  which  it  is  made;  so  that,  taking  the 
ultimate  tenacity  of  cable-iron  bolts  at  60,000 
lbs.  on  the  squai-e  inch,  that  of  a  stud  chain  is 
from  52,500  to  45,000  lbs.  on  the  square  inch; 
and  about  7,500  lb&  on  the  square  inch  may  be 
taken  as  a  safe  working  modulus  of  tension  with  a 
live  load :  the  smaller  of  the  preceding  co-efficients 
being  divided  by  6  as  a  factor  of  safety.  The  test  load  is  about  half 
the  breaking  load,  or  three  times  the  working  load.  An  unstudded 
chain  has  about  two-thirds  of  the  strength  of  a  studded  chain  of 
the  same  dimension& 

The  following  are  the  ordinary  proportions  of  the  links  of  a 
stud-chain,  as  used  for  ships'  cables  and  rigging,  in  terms  of  the 
diameter  of  the  bolts  from  which  they  are  made. 

Length:  outside,  6  diameters;  inside,  4  diameters. 

Breadth:  outside,  3^  diameters;  inside,  1^  diameter. 

Thickness  of  stay :  at  ends,  I  diameter ;  at  middle,  A  diameter. 

The  weight  of  a  stud-ehain,  of  these  proportions,  in  lb&  per 
foot,  is  found  by  multiplying  the  square  of  the  diameter  of  thm 
cable-iron  in  inches  by  9,  very  nearly;  and  its  weight  in  kilo- 
grammes per  m^re,  by  multiplying  the  square  of  that  diameter 
in  millimetres  by  00208. 

In  designing  chains  made  of  flat  links  connected  by  pins,  regard 
must  be  paid  to  the  principles  of  Article  424,  page  497,  so  as  to 
give  the  dimensious  of  the  pins  their  due  proportions  to  those  of 
the  links. 

458.  Badte  mr  iMkm  Ur  TmmOmi. — ^The  following  are  the  rules 
applicable  to  the  ordinary  cases  of  rods  or  links  for  transmitting 
tension ;  such  as  piston-rods  in  single-acting  steam  engines. 

L  When  the  resultant  tension  acts  cUong  the  Umgiiudmal  aaeh 
of  the  rody  that  is,  along  a  straight  line  traversing  the  centres  of  all 
the  cross-sections,  the  area  of  cross-section  is  to  be  proportioned  to 
the  load  according  to  the  rules  of  Article  420,  page  ^2i\  the 
modulus  of  greatest  working  stress  being  taken  at  9,000  lb& 
on  the  square  inch  for  wrought  iron;  2,500  for  oast  iron  (whieh^ 
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if  shocks  are  to  be  borne,  is  not  a  suitable  material  for  thispuipc-^ 
and  1,000  for  timber  of  straight-gprained  and  tongh  kinds. 

11.  Should  the  resultant  tension  act,  not  along  the  axis  of::' 
rod,  but  at  a  distance  from  it,  whose  greatest  value  may  be  den*' ' 
by  X,  let  P  denote  the  load;  then  the  tensile  action  is  comr-i-^^ 
with  a  bending  moment,  P  x. 

Let  S  be  the  area  of  cross-section ;  h,  the  depth  of  the  rod— thit .% 
its  diameter  in  the  plane  of  the  bending  moment;  kj  the  nnmer.:. 
factor  in  equation  (5  a)  of  Article  437,  page  514,  and  in  the  Ti  - 
of  page  516 ;  the  greatest  additional  intensity^  of  tension  pr»ij:r. 
by  the  bending  moment  is 

and  the  total  intensity  of  the  greatest  tension  is 

and  consequently,  if/ be  the  modulus  of  working  stress,  the  pr;-' 
sectional  area  is  given  by  the  formula, 


« = jO  ^  *-*)• 


■C 


III.  In  a  tension  rod  which  is  horizontal  or  inclined.  ' 
additional  stress  produced  by  the  bending  action  of  its  men  v 
may  require  to  be  taken  into  consideration.  Let  to  be  Uie  h  ^ 
ness  of  the  material;  c,  the  half -span  between  the  poio 
support  measured  along  the  axis  of  the  rod;  »,  the  aog!^ 
inclination  of  that  axis  to  the  horizon;  then  the  bending  mooQ*  t-- 

^,      to  S  c*  cos  f 
M  =  2 J 

and  the  greatest  stress  produced  by  that  moment  is 

_    M       to c^ cost  ,., 

^"ifcXS"    "ikh  ^' 

The  easiest  way  to  make  use  of  this  formula  in  practice  i? 

assume  in  the  first  place  a  convenient  value  for  h\  calculate ; 

equation  (2) ;  and  then  make 

p 
S  =  -^ , (" 

lY.  If  the  rod  has  a  i/ranKC&rw  redproeaHng  motion^  the  re-ftcv 
due  to  that  motion  will  produce  alternate  bending  actions 


J 
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opposite  directions.  Let  z  be  the  semi-amplitude  of  the  transverse 
motion — that  is,  half  its  total  extent;  let  n  be  the  number  of 
dcvbU  swings  in  a  second ;  then  make 

»»  =  — - — ; (*•) 


(in  which  j^  =  0-815  foot  =  0-248  mStre  nearly) ;   then  the 

additional  Btress  produced  by  this  motion  is  to  be  found  by  putting 
m  w  instead  of  to  cos  t  in  equation  (2),  and  is  to  be  provided  for  in 
the  same  way  with  the  stress  p  of  that  equation.  If  one  end  of 
the  rod  has  a  transverse  reciprocating  motion,  while  the  other  has 
no  such  motion,  or  if  the  two  ends  have  motions  of  different 
amplitudes,  make  z  equal  to  the  semi-amplitude  of  the  transverse 
motion  of  the  centre  of  the  rod ;  the  result  will  be  near  enough 
to  the  truth  for  practical  purposes. 

v.  If  weight  and  re-action  both  take  effect  in  the  same  vertical 
plane,  make 

p  =  (m  +  cost)  -f^-^; (5.) 

and  use  this  value  of  o  in  equation  (3). 

YL  In  designing  the  fnutenings  for  transmitting  the  tension  at 
the  ends  of  rods  or  links,  regard  is  to  be  had  to  the  principles  of 
Article  424,  page  497. 

YII.  The  aides  of  an  eys  at  the  end  of  a  tension-rod  are  usually 
made  so  as  to  have  a  collective  sectional  area  equal  to  onc^-and-c^ 
AoZ/'that  of  the  rod;  because  the  uneven  distribution  of  the  stress 
in  them  diminishes  their  strength  to  about  two-thirds  of  what  it 
would  be  if  the  stress  were  uniform;  and  the  same  rule  is  appli* 
cable  to  a  strap  answering  the  purpose  of  an  eya 

459.  Wtm4m  •r  ijlaka  for  B«clpr«c«sias  aifB— ■ — ^When  a  rod  trans- 
mits alternately  tension  and  thrust  of  equal  amount,  the  most 
severe  straining  action  is  usually  that  produced  by  the  thrust;  and 
the  proper  dimensions  are  to  be  found  by  the  rules  of  Article  443, 
page  524. 

The  piston-rods  and  connecting-rods  of  double-acting  steam 
engines  are  examples  of  thi&  Piston-rods  are  to  be  treated  as 
struts  fixed  at  one  end  and  jointed  at  the  other;  connecting-rods 
as  struts  jointed  at  both  ends. 

The  ways  of  using  the  rules  referred  to  are  as  follows  :«- 

I.  In  ordinary  cases  of  the  piston-rods  and  connecting-rods  of 
steam  engines,  an  approximate  sectional  area  may  be  calculated 
in  the  first  place,  by  multiplying  the  area  of  the  piston  by  the 
greatest  intensity  of  the  effective  pressure  of  the  steam,  so  s"^ 
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find  the  greatest  working  load,  and  dividing  it  bj  a  modiLig  i 
working  stress,  which  may  be  2,500  Iba  on  the  square  i&ck  fcr  < 
piston-rod,  and  1,750  lbs.  on  the  square  inch  for  a  oonnectii:" 
at  the  middle  of  its  length.  It  is  usual  to  give  the  ooDiiectir.:-'*^ 
a  swell  in  the  middle;  so  that  at  the  ends  it  is  of  the  same  a'^ 
with  the  piston-rod.  The  ratio  of  the  greatest  to  the  W 
diameter  is  about  that  of  6  to  5. 

This  rule  may  be  considered  as  giving  a  safe  value  for  the  tn> 
verse  section,  when  the  length  of  the  rod  does  not  exceed  i:<  ' 
thirtj-six  times  its  diameter.     When  the  proportion  of  le&Tw  • 
diameter  is  greater,  the  following  rule  maj  be  ^plied  to  wp.i:r> 
iron  rods. 

11.  Let  f  be  the  intensity  of  the  safe  working  thnirt  &^'  '^'  * 
short  rod — ^say  6,000  Iba  on  the  square  inch,  or  4  2  kilogrix:- 
on  the  square  millimetre,  for  wrought  iron.  Let  S  be  the  secL.:- 
area  of  the  rod;  I,  its  length;  A,  its  diameter;  P»  theamt'Sii'  • 
the  greatest  working  thrust;  then  we  have 

p  ' 

in  which  the  values  of  e^  are  as  follows :  — 

For  a  round  rod,  jointed  at  both  ends, 5^' 

„             „           fixed  at  one  end, 1,270 

„            „           fixed  at  both  ends,  3,250 

For  a  square  rod,  jointed  at  both  ends, 75^ 

„            „           fixed  at  one  end, •  h^^ 

„            „           fixed  at  both  ends, Ifioo 

But  in  a  round  rod,  we  have  A*  =  1*273  S  nearly;  and  in  s  s^^" 
rod,  A*  =  S;  consequently  we  may  make 

ciA«  =  aS; l' 

in  which  a  has  the  following  values : — 

For  a  round  rod,  jointed  at  both  ends, 7'^ 

„            „           fixed  at  one  end,  • i,6ii 

„             „           fixed  at  both  ends, 9,864 

For  a  square  rod,  jointed  at  both  ends, /  5^ 

„            „          fixed  at  one  end, 1,690 

„            „           fixed  at  both  ends...... 3,000 

Thus  equation  (1)  may  be  made  to  take  the  following  form:--- 

P  (a  S  +  P)  =  a/S«; {\ 

which  quadratic  equation,  being  solved^  gives  the  following  fonc^ 
^  the  sectional  area: — 
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8  =  -^+A/-^l^+  W  i (4) 


III.  Sometimes,  as  bas  already  been  stated  in  page  474,  a 
connecting-rod  is  made  of  a  square  bar  of  wood  to  transmit  the 
thrust,  bound  with  a  wrought-iron  strap  to  transmit  the  tension. 
In  this  case  the  transverse  area  of  the  strap  is  to  be  determined  by 
the  principles  of  Article  458,  with  a  working  modulus  of  tension 
of  about  6,000  lbs.  on  the  square  inch  (because  the  stress  may  be 
unequally  distributed  near  the  ends  of  the  strap,  where  it  bends 
round  the  bushes  that  hold  the  pins);  and  that  of  the  square 
timber  bar  is  to  be  found  by  equation  (4)  of  the  preceding  rule, 
with  the  following  values  for  the  constants : — 

/  sr       720  lb&  on  the  square  inch; 

s  0 '5  kilogramme  on  tlie  square  millimetre; 

a  =         62  5. 
a/  ^  45,000  lb&  on  the  square  inch ; 

s         32  kilogrammes  on  the  square  miUim^tre. 

In  a  compound  rod  of  this  kind  there  is  a  tendency  to  slacken 
the  hold  of  the  pins  which  it  connects,  through  the  shortening  of 
the  compressed  bar;  and  means  must  therefore  be  provided  of 
tightening  it  from  time  to  time  by  wedges  or  screws. 

IV.  When  the  form  of  cross-section  chosen  is  such  that  the 
ratio  P  -i-  f^f  which  the  length  of  the  rod  is  to  bear  to  the  radius 
of  gyration  of  its  cross-section,  can  be  approximately  determined 
independently  of  the  sectional  area,  that  area  is  to  be  found  simply 
by  the  following  formula : — 


S 


|('*.4=) w 


For  Talaes  of  r*  and  of  e,  see  Article  443,  pages  524,  525. 

The  commonest  example  of  the  class  of  figures  to  which  this 
method  is  applicable  is  the  cress-shaped  section,  which  is  well 
adapted  for  transmitting  thrust;  and  for  which  we  have 
f^  =  h^  +  24;  and  consequently 

cr»  =  1500  h\ (6.) 

Y.  The  hraeed  conuecting*rod  may  be  looked  upon  as  a  modifi- 
cation of  the  compound  rod  mentioned  in  Rule  IIL  of  this  Article. 
The  thrust-bar  occupies  the  middle  of  the  combination,  and  may 
be  of  timber  or  of  cast  iron.  From  the  middle  of  its  length  diverge 
four  transverse  arms,  in  the  shape  of  a  cross;  and  four  tie-rods 
extend  from  end  to  end  of  the  liar,  and  at  the  middle  of  their 
length  are  made  to  spread  asunder  by  the  anna  of  the  croaa.    The 
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length  of  those  arms  is,  in  a  great  measure,  a  matter  of  practical 
convenience ;  about  one-twelfth  of  the  length  of  the  compoand  r^ 
is  usual.  The  effect  on  the  thrust-bar  is  to  increase  its  stretgtb, 
so  as  to  be  equal  to  that  of  a  bar  of  the  same  section  and  itS 
the  length ;  that  is  to  say,  in  equations  (4)  and  (5),  for  a  ted  c, 
substitute  4  a  and  4  c.  The  amount  of  stress  on  the  tenaon-rcis 
is  increased  in  the  same  ratio  with  their  length. 

Section  III. — Special  Rules  rdaling  to  Axles  and  Shafts. 

460.   0«acnl  SzpbiH«tl«M  as  ••  SIhUI%  Axles*  uid  JiiMili- 

The  words  axt^  and  shaft  are,  to  a  certain  extent,  used  indisr- 
minatelj ;  but  it  may  be  held  that  in  most  cases  the  tenn  ^f' 
implies  the  transmission  of  motive  power  along  the  rotatiDg  pi'*'- 
denoted  by  that  term,  and  consequently  the  exertion  of  a  twist::: 
moment  at  each  cross-section,  to  be  found  by  the  principles  •: 
Article  447,  page  528 ;  while  an  cusle  in  general  is  subjected  to  i 
bending  moment  only. 

The  parts  t>f  a  shaft  which  rest  on  the  bearings  are  called /nrJ; 
collarSf  gudgeons^  and  journals. 

Pivots  and  collars  are  for  bearing  end-thrust  (see  Article  311. 
page  353).  Gudgeons  and  journals  are  for  bearing  transv*!^ 
pressure.  It  was  proposed  by  Buchanan,  in  his  TreaUias  <m  ^^  * 
work,  to  apply  the  word  gudgeon  only  to  the  bearing  part  at  :i' 
end  of  a  shaft  or  axle,  which  is  exposed  to  bending  action  al<  :^'< 
and  not  to  twisting  action ;  and  joumcU  to  an  intermediate  beftn: : 
pai-t  through  which  a  twisting  moment  is  or  may  be  exerted ;  1  •' 
the  custom  of  using  the  word  journal  in  both  senses  indiscrln  - 
nately  is  so  prevalent,  that  it  is  impracticable  to  carry  out  Buchanai  ? 
suggestion.  The  terms  end-journal  and  neck-journal,  or  simi^j 
neck,  may  serve  to  distinguish  them. 

Cast  iron  may  be  used  for  shafts  where  no  shocks  are  to  W 
borne.  In  other  cases  the  proper  materials  are  wrought  iron  ac: 
mild  steel.  The  greatest  proper  values  of  the  real  modulus  c: 
working  stress  are  the  following,  or  nearly  so : — 

Lbs.  on  the  Kiloa.  oo  th' 

aqnare  inch.  iqoare  miUuL  c  -r- 

Cast  Iron, 4}5oo  3*16 

Wrought  Iron,*. 9,000  6-33 

Steel, i3>5oo  95 

.  As  to  the  use  and  treatment  of  cast  iron  for  this  purpose,  ^^ 
well  as  for  machinery  in  general,  see  Article  390,  pages  4534"' 
In  the  case  of  wrought-iron  shafts,  it  is  important  that  tL- 

*  The  working  modulus  for  wrought  iron  is  the  result  of  a  serieii  ' 
prsctical  trials  of  railway  carriage  axles,  extending  over  many  yean,  i) 
lieutenant  David  Bankine  and  the  Author. 
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coDtinuity  of  the  fibres  at  and  near  the  surface  should  be  rr  little 
broken  as  possible^  and  that  where  the  stress  is  severe  there  should 
be  no  re*entering  angles  in  the  outline ;  for  at  places  where  the 
fibres  are  interrupted,  and  at  re-entering  angles,  cracks  are  apt  to 
commence,  which  gitidually  extend  inwaixls,  and  at  length  reduce 
the  sound  part  of  the  axle  to  so  small  a  diameter  that  it  snaps  in 
two.  This  process  has  been  known  to  occupy  two  or  three  years, 
and  sometimes  more.  (See  Article  391,  pages  456,  457;  and  the 
authonties  referred  to  in  the  second  note  to  page  456.)  Hence, 
when  it  is  necessary  that  a  journal  should  be  of  a  diameter 
materially  smaller  tlmn  the  main  body  of  the  axle,  the  parts  of 
different  diameters  should  be  connected  by  a  curved  and  not  by  an 
angular  shoulder;  and  the  reduction  of  diameter  should  as  fiiras 
possible  be  produced  by  forging,  rather  than  by  cutting  or  turning; 
the  process  of  turning  being  used  only  to  give  precision  to  the 
shape. 

461.  ca«4a0Mia  sr  Kwtd^mmnmU, — ^A  gudgeon,  or  journal  at  the 
end  of  a  shaft,  exposed  to  the  transverse  bending  action  of  the 
bearing  pressure  only,  has  to  fulfil  two  conditions :  to  have  a  trans- 
verse section  sufficient  to  bear  the  bending  moment  safely;  and  to 
have  a  longitudinal  section  sufficient  to  prevent  the  unguent  from 
being  forced  out  by  the  pressure. 

Let  W  denote  tiie  greatest  working  load,  or  bearing  pressure;  x, 
the  length  of  the  gudgeon;  A,  its  diameter.  Let />  be  the  proper 
value  of  the  pressure  per  unii  of  area  of  longitudinal  section  (as 
to  which,  see  Article  310,  page  350);  and  lety*be  the  modulus  of 
working  stress.  Then  the  condition  as  to  proper  lubrication  is 
expressed  by  the  following  equation : — 

pxh^W; (1.) 

and  the  condition  aa  to  strength  by 


S3 


»fh^^Wx; (2.) 


in  the  latter  of  which  equations  provision  is  made  for  the  con- 
tingency of  the  whole  load  being  concentrated  on  the  outer  end 
of  the  gudgeon.  The  fact  is,  ^at  in  well-made  and  well-fitted 
machineiT,  the  resultant  load  acts  through  the  middle  of  the 
length  of  the  gudgeon,  or  very  nearly  so ;  and  that  the  bending 

W  X 
moment  at  the  shoulder  is  only  about  — o-'y  instead  of  W  ds;  but 

the  error  is  on  the  safe  side.  By  elimination  from  those  two 
equations  are  obtained  the  following  formube :— > 

diameter.  A  =(^i^^')i; (3.) 
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length.«  =  Ay'(3^) (4) 

ring  IB  a  oonvenient  form  of  equation  (3)  for  pnctial 


nae: — Let 


The  following  are  examples  of  the  valaes  of  the  oo-efficient&  In 
each  case,  /  =  9,000  lbs.  on  the  square  inch,  or  6*33  Idlogrammes 
on  the  square  millimdtre. 

p,  Iba  on  the  square  ) 

^inch, !;. /         *5o  300  225  ISO 

p,  kilocrrammes  on  the  j  ^  a  ^ 

square  mmimStr*,... ;      *'3i«       oaii        0158        0106 

a,  lbs.  per  square  indi,  630  514  446  364 

a,    kilogrammes    per )  ^ 

squM? miUimitrC.  /      °**3       o-3«»        o-3i4        0256 


X 


j> i'40  171  »'9S  a'4a 

In  the  case  of  cast  iron,  for  which  the  working  modnliis  of 
stress  is  one-half  of  that  for  wrought  iron,  each  of  the  tsIimb 
of  a  and  of  x  ^  A  in  the  above  table  is  diminished  in  the  imtw  of 
1  :  ^'2  =  0  707  :  1. 

Another  method  of  calculation  is  to  fix  an  arbitnuy  Tmloe  for 

the  ratio  of  the  length  to  the  diameter;  say  j  s  m;  then  we  have, 
by  equation  (2\ 

and  consequently 

* = V  (rrr) = V  (J) ' -(^) 

if  «•  be  taken  to  denote  .^. 


3i 


The  Tslw«  of  the  ratio  of  lerisrth  to  diameter,  aimovwl  by 
Fairtmm  m  his  TmiK*.  om  Jfw.Vw*,  are.  for  cast  iron,  1-5, 
and  K^r  wrought  iron,  1  ;  J.     Tht*  fouowing  table  shows  tbe 

•ponding  Talu«i  of  a'« 
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OMiIron.      WroaghtIr<»k 

ffh 1-5              i'75 

/,  IbflL  on  the  square  inch, 4i5oo  9,000    . 

/,  kilogrammes  on  the  square  raillimdtrey  3*16           6*33 

a%  lbs.  on  tlie  square  inch, 294            504 

a\  kilogrammes  on  the  square  milliradtre,  0*207  <>'345 

All  the  rules  for  end-journals  apply  also  to  erank-fdns. 

462.  Bcwrtac  AmUm  is  a  term  which  may  be  used  to  distinguish 
those  axles  which  hare  to  bear  a  bending  action,  but  not  a  twisting 
action. 

An  axle  in  this  condition  is  to  be  treated  as  a  beam;  the 
bending  moments  at  a  series  of  cross-sections  being  calculated  by 
the  rules  of  Articles  434  to  436,  pages  505  to  510.  In  making 
those  calculations,  it  is  usual  to  assume,  as  in  the  preceding  Article, 
that  the  bearing-pressures  act  through  the  extreme  ends  of  the 
gudgeon& 

The  cross-section  adopted  must  be  one  adapted  to  resist  bending 
actions  in  all  directions;  such  as  a  circle,  solid  or  hollow,  a  solid 
octagon,  or  a  crosa  In  wrought  iron  and  steel,  the  solid  and 
hollow  circular  sections  are  suitable;  in  cast  iron,  the  hollow 
circular  and  the  cross-shaped  sections;  in  timber,  the  solid 
octagon. 

In  the  case  of  circular  sections,  the  diameter  ia  to  be  calculated 
from  the  bending  moment  by  equation  (7  a)  of  Article  437,  page 
514:  that  is  to  say,  let  M  be  the  greatest  working  bending 
moment;/,  the  modulus  of  working  stress;  m,  the  ratio  of  the 
diameter  of  the  hollow  (if  any)  to  the  outaide  diameter;  then 

.       /       32  M       \*    /         M         \i 

*  "  U  (1  -  m^)/)  -  V(l-m*)aV  > (^O 

if  a'  be  taken  to  denote  9/^  32.  The  following  are  examples  of 
the  co-efficients : — 

CMt  Iron.  Wroiwht  Iran.  StaeL 

/)  IbsL  on  the  square  inch, 4)5oo  9,000  13,500 

f,  kilogrammes  on  the  square  millimetre,  3*16  6:33  9*5 

a',  lbs.  on  the  square  inch, 441  882  1,323 

a",  kilogrammes  on  the  square  millimetre,  0*31  0*62  0*93 

It  ia  of  course  to  be  understood  that,  when  BritLsh  measures  are 
used,  M  is  to  be  expressed  in  inch-lbo. 

The  solid  octagonal  section  may  be  considered  as  practically 
equivalent  to  its  inscribed  circle. 

For  the  eroB^-shaped  ieetion^  the  outaide  diameter,  A,  is  in  the  first 
place  to  be  fixed;  and  then  the  requisite  ieetional  area  is  to  be 


044  MATERIALS,   00K8TBUCTI0K,    AKD  STRESGTH. 

calculated  by  equation  (7  b)  of  Article  437,  page  514,  im'jll: 
^  =  =-^  ia  that  equation;  that  is  to  say, 

g    _     12    M  .,, 

O    =         /.  I      \'. 

/A 

Bearing  shafts  are  frequently  tapered  from  the  place  of  grt^>'' 
bending  moment  towards  the  points  of  support,  so  as  to  p*^'- 
longitudinal  section  of  equal  strength  (as  to  which  see  Artieltr" 
page  517),  or  as  near  an  approximation  to  such  a  section  as  is  c  - 
sistent  with  practical  convenience. 

463.  Neck-ji«HnMiU. — A  neck-joumal  (often  called  drnplf  a  i  >  > 
and  by  Buchanan,  a  journal)  is  an  intermediate  part  of  asb^t  : 
axle,  turned  to  a  smooth  and  truly  cylindrical  surface,  so  a?  t  r 
ita  bearing  easily,  as  stated  in  Article  371  A,  page  424.  If  i* - 
exposed  to  bending  action  only,  its  diameter  is  to  be  determine':  ; 
the  rules  of  the  preceding  Article ;  if  to  twisting  action,  f-r  '- 
twisting  and  bending  combined,  by  rules  which  will  be  gi^tt  - 
the  ensuing  Articles. 

The  lengths  of  neck-journals  are  to  be  calculated  so  as  to  :" 
the  requisite  area  for  bearing  the  pressure,  according  to  the  r" 
ciples  of  Article  310,  page  350. 

464.  Shafts  aader  Tantmi. — A  shaft  which    transmits  ic' 
power  is  exposed  to  a  twisting  moment  throughout  its  ▼- 
length.      The  first  step  towards  determining  the  proper  diac '•" 
for  the  shaft  is  to  calculate  that  twisting  moment  from  tbe  p'^'- 
to  be  transmitted  and  the  speed  of  rotation,  according  t^  '^' 
principles  of  Article  447,  page  528.     From  the  power  and  ^'I*'- 
the  result  obtained  in  the  first  place  is  the  mean  twisting  moo:^" 
and  the  greatest  twisting  moment  may  either  be  deduced  from  " 
mean  twisting  moment  directly,  or  may  be  provided  for,  tog* ' '' 
with  various  causes  of  additional  stress,  by  using  a  suffice rj 
large  apparent  factor  of  scfety,  as  already  stated  in  Article  4' 
page  489. 

The  greatest  values  of  the  real  modulus  of  working  stress 
shafts  under  torsion  correspond  to  about  6,  as  a  real  fuct»r 
aafety.    The  apparent  modulus  may  be  considerably  less  vb^::  - 
greatly  increased  apparent  factor  of  safety  is  used.     The  app^^- 
iactor  of  safety  is  sometimes  as  high  as  36. 

The  formuhe  to  be  used  in  odculating  the  diameter  of  a  ^^ 
from  the  twisting  moment,  or  from  the  power  and  speed,  as  •' 
case  may  be,  are  as  followa  Let  M  be  the  moment;  H  P,  the  r- 
horses-power  to  be  transmitted;  N,  the  number  of  revolation^  1' 
minute.     Then, 


*  -  Vil)  -  Vi^^)  ■■ " 
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The  values  of  the  oo-efiicients  A  and  B  being  as  follows : — 

-*■  =  /i»  =  I6  ^1' ^^-^ 

where  q^  is  the  modulus  of  working  stress,  real  or  apparent,  ac- 
cording to  the  way  in  which  the  moment  M  is  calculated : — 

where  G  denotes  tbe  number  of  units  of  work  per  minute  in  a 
horse-power. 

The  following  Table  shows  a  series  of  examples  of  the  constants 
which  occur  in  these  formuUe : — 

Factors  of  Safety. 

For  Cast  Iron, 6*         9         12         18 

WronghtlroD, 6*         9         12         18         24         36 

Steel, 6*         9         134        18         27         36 

Modulus  of  Stress. 

^^iich?..*.*'!!..'?!"!     "3.770    9,180    6.120    4.590    3.060    2.295    1,530 

Kilogrammee  on  the  (  ^u:        /i.^        ^.-        -.^        «.,        ,u:      ,v»* 

square millimHre.  {  9*6       64       4  3       3'2       ai        1-6      ix>7 

Values  of  A  =  ^f. 

M  in  inch  'lbs. :  A  in  )  »  ^  ^ 

^^i^cht^?!i""^^  «S       150       100        75         50     37-5         ^5 

^'in^SSSS^n'^i       '-^    '-''    ""'^    ^-^^    ^-^^  ^315    0.2. 

VALUES  OF  B  =  YTii' 

Aininchei, 23*3  35      52*5         70       105       140       210 

Ainoentam^tres. 380        570      855      1.140    ijio    2.280   3,420 

Apparent  factors  of  safety^  ranging  from  6*6  to  10,  are  found  in 
the  paddle-shafts  and  propeller-snafts  of  steam-ressels,  the  real 
factor  of  safety  being  seldom  above  6.  Apparent  factors  of  safety 
ranging  from  18  to  36  are  met  with  in  the  shafting  of  mills;  and 
they  correspond  to  what  are  called  ''light  shafting"  and  "heavy 
shafting  "  respectively. 

4G5.  0p«a  kMweoi  Bearlags  mt  Bliafte.    The  ordinary  rules  for 


*  Beal  factor  of  safety. 

f  A  grsmmHre  is  one- 1.000th  part  of  a  kilofframm^tra. 

2tf 
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fixing  the  greatest  span  between  the  beaiings  of  a  line  of  ^lit  . 
are   based  on    the    principle    that  the   deflectioii    prodoo^i 
the  weight  of  the  shaft  iUelf,  and  by  any  additioi]^  tzaur-- 
load  which  may  be  applied  to  it,  should  not  exceed   a  cer- 
fiaction  of  the  span.     Different  authors  give  different  t&I^-  >» 
that  fraction.     In  the  following  formube  the  value  adopted  if  : 
2,000th;  and  the  mle  obtained  agrees  with  that  given  bj  1 
Molesworth  in  his  Pocket  Book, 

A  general  formula  for  the  deflection  in  sach  cases  is  gi^--  - 
Article  439,  page  521,  and  is  as  follows: — 

t7  =  (1  +  m)     ^^       ; 

tn  being  the  proportion  which  the  additional  load  bean  t-*  * 
weight  of  the  shaft;  e,  the  half-s})an;  to,  the  heaviness  o^  * 
material ;  E,  its  modulus  of  elasticity;  n",  a  nanierical  co-e£  .  - 
and  r,  the  radius  of  gyration  of  the  cross-section  of  the  sh  in.  . 
most  cases,  the  load  may  be  treated  as  unifonuly  distributed  . 
as  there  may  be  a  coupling  near  each  bearing,  the  shaft  12 : 
treated  as  simply  supported,  and  not  fixed,  at  each  bearing;  >:  *- 

n"  —  jj..     The  values  ci  the  square  of  the  radios  of  gyiat::-  " 

the  figures  of  ci'oss-section  which  occur  in  practice. 


For  a  solid  circular  section  of  the  diameter  A^  r'  =  —  : 

For  a  hollow  circular  section;  diameter  oatside,  )  A-  -  *.' 

A;  inside,  h';  f  *'^=     j,-"  ' 

Cross-shaped  section ;  breadth  over  arms,  h ; 

r*  =  ,^  approximately. 

The  value  of  -  may  be  taken  at  7,500,000  feet^  or  9CM>* 

inches,  or  2,286,000  m^trea 

Putting  for  n"*  the  value  already  stated,  we  have 

t/=  (1  +  m)  •  g .  p    a  ;  and  consequently 


24  E         vf^ 


5  (1  +  m)  10     c    *" 
giving  for  the  span  between  the  bearings, 

2     =  /  192Et/f^  y 


\-' 
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t/  1  £ 

C^t  ^  m  -  -.- ;  let—  hare  the  value  stated  above;  and  let  the 
c        1,000 '        w 

section  be  a  solid  circle  j  then 

^^=  VM50 (I  +  m) w)   ^\Tm)  ' ^"^'^ 

in  which 

a  =s  216,000  inches  =  5,500  mdtres  nearly. 
When  the  shaft  is  loaded  with  pulleys  and  with  the  tensions  of 

their  belts,  it  is  usual  to  assume  m  =-  „* 

The  result  of  equation  (3)  is  a  span  which  is  not  to  be  exceeded 
in  the  construction  of  a  line  of  shafting  of  a  given  diameter. 

466.   ShaAs  MM^cr   €?*M%la«4   BeadUas  mm4  Twlsciii«  AcUmm.-^ 

When  a  shaft  is  strained  by  bending  and  twisting  actions  com- 
bined, two  cases  may  be  distinguished :  first,  where  the  bending 
moment  and  twisting  moment  are  both  given,  and  the  diameter  of 
the  shaft  is  to  be  found;  for  example,  where  the  pressure  exerted 
on  u  crank-pin  produces  combined  bending  and  twisting  actions  on 
a  journal;  and,  secondly,  wbeie  the  bendiig  moment  is  produced 
by  the  weight  and  re-action  of  the  shaft  itself,  and  therefore 
depends  on  the  diameter. 

I.  When  a  given  twisting  moment^  M,  is  combined  with  a 
given  bending  moment,  M^  make 

^(M[«  +  M'«)  +  M'  =  M"; (1.) 

and  find  the  diameter  required  in  order  to  bear  safely  a  twiBting 

momenl  equal  to  M",  by  means  of  equation  (1)  of  Article  464,  page 

543.     An  example  of  this  problem,  solved  graphically,  is  shown  iti 

fig.  280,  which  represents  a  shaft  having  a  crank 

at  one  end.    At  the  centre  of  the  crank-pin,  P,  is 

applied  the  pressure  of  the  connecting-rod ;  and 

at  the  centre  of  the  bearing,  S,  acts  the  equal  and 

opposite  resistance  of  that  bearing.    Representing 

the  common  magnitude  of  those  forces  by  P, 

they  form  a  couple  whose  moment  is 

PSP. 

Draw  B  Q  bisecting  the  angle  P  8  M.     On  S  Q 

let  faL  the  perpendicular  P  Q.     From  Q  let  fall         Fig.  9S0. 

Q  M  perpendicular  to  8  M. 

Calculate  the  diameter  of  the  shall,  as  if  to  resist  a  twisting 
moment,  M'  =  2  P  *  8  M,  and  it  will  be  strong  enough  to  resist 


b 
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the  combined  bending  and  twisting  action  of  P  applied  *. 

point  marked  P.  .        ^      • 

The  greatest  longitudinal  stress  on  the  particles  of  »  ^- 
produced  by  the  bending  action  of  its  own  weight,  and  c: 
additional  load  or  re-action  bearing  a  given  proportion,  bh  * 
own  weight,  is  found  by  applying  equation  (2)  or  cqnati'^ 
Article  458,  pages  636  and  537,  to  the  case  of  a  solid  cyli^ 
body;  that  is  to  say,  when  the  proper  substitutions  are  a^- 
have  the  following  value  for  the  intensity  of  that  stress:— 


p  =  (cost  +  m) — -^  ; 


in  which  c  is  the  half-span  between  the  bearings;  A,  the  diii 
Wy  the  heaviness  of  the  material  (being,  for  iron,  0-27S  li-^ 
cubic  inch,  or  7,690  kilogrammes  per  cubic  mdtre);  i,  the  ii: 
tion  of  the  shaft  to  the  horizon;  and  m  the  proportion  bri: 
the  additional  load  and  re-action  to  the  weight  of  the  shaft. 

Let  q  be  the  real  intensity  of  the  greatest  stress  due  to  t^: 
It  is  given  by  the  formula — 


16  M 


where   M   is  the  real   value  of  the  greatest   working  t«^ 

(1  fi  \ 

—  =  5-1  nearly.  J     That  stress  is  a   shearing  >- 

and  is  equivalent  to  tension  and  thrust  combined,  and  of  t^-.  ^ 
intensity,  ^,  exei-ted  in  two  directions  perpendicular  to  ead 
tangential  to   the  cylindrical  surface  of  the   shaft,  and  l 
angles  of  45°  with  the  axis. 

The  remUant  stress  due  to  the  twisting  stress,  q,  and  the  U 
stress,  p,  combined,  is  found  by  the  following  formula,  ▼!* 
been  demonstrated   by  writers  on   the  internal   equilibn:- 
elastic  solids : — 

■  .•> 

where  s  denotes  the  intensitv  of  the  resultant  stress. 

The  conditions  which  the  diameter  of  a  shaft  ought  to  fu  - 
expressed  by  the  following  equation,  derived  from  equation  '  ^ 

«*  -  «p  —  5*  =  0; [^ 

in  which,  for  «,  is  to  be  put  a  safe  working  value  of  the  r*^ 
stress  (say  8,000  lbs.  on  the  square  inch,  or  5*6  kilogrammes 
square  millimetre),  and  for  p  and  q,  their  values  in  terms  <^-^ 
w,  and  h,  as  given   by  equations  (2)  and   (3)  re8pective]r. 
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equation  then  becomes  of  the  sixth  order;  and  it  is  to  be  solved  so 
OS  to  find  A.  This  can  be  done  by  approximation  only;  and  a 
convenient  method  of  approximation  is  as  follows  : — Assume  for  q 
an  approximate  valne,  g\  soDiewhat  less  than  that  of  $  (say 
q*  =  0*9  s).  Then  calculate  an  approximate  value,  A',  of  the 
diameter,  from  equation  (3),  viz.  : — 

v-f^*!)* (».) 

Then  calculate,  for  p,  an  approximate  value,  j/,  from  equation  (2), 
viz.  :^ 

I?  =  (cost  +  m)—^; (6.) 

and  from  the  approximate  value  of />'  calculate  a  second  approxi- 
mate value  of  q,  as  follows : — 

9"  =^/(^ -.?•). (7) 

Should  this  agree  with  the  first  approximate  value,  q\  the 
approximate  diameter,  A',  wUl  answer;  and  should  there  be  a 
difference,  a  second  approximation,  A*,  to  the  required  diameter  is 
to  be  computed,  as  follows : — 


V  =  A'^^^ (8.) 


When,  as  is  usually  the  case,  the  difference,  9^  -  g",  is  small  com** 
pared  with  q\  the  following  formula  for  the  second  approximation 
is  sufficiently  near  the  truth  : — 

*'=*{i*St^} <^) 

A  third  approximation  might  be  found  by  repeating  the  process; 
but  (he  second  approxiuiation  will,  in  genera],  be  found  accurate 
euough  for  practical  purposes. 

467.  CcBttiAipii  wiiiriiag  sf  ahaila.* — Any  small  deflection  of  the 
centre  line  of  a  shaft  from  the  straight  axis  of  rotation  gives  rise,  on 
the  one  hand,  to  centrifugal  force,  tending  to  make  the  deflection 
become  greater;  and,  on  the  other  hand,  to  elastic  stress,  resisting 
the  deflection,  and  tending  to  straighten  the  centre  line  asain.  The 
resistance  to  deflection  may  be  shortly  called  the  $t\ffhes$.  In 
very  small  deflections,  the  centrifugal  force  and  the  stiffness  both 
increase  according  to  the  same  law,  being  both  sensibly  propor- 

*  The  sohctance  of  this  Article  first  appeared  in  the  Engineer  of  the 
9th  April,  1869. 
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tional  to  the  deflection  simply ;  hence,  whicfa«w  of  tb^a  .• 
greater  for  an  indefinitely  small  deflection,  oontinoes  to  ^^ 
greater  until  some  deflection  is  reached  which  causes  a  ?:t 
difference  between  their  laws  of  variation.     The  ci>n5eqi:-'.  - 
that  if,  for  an  indefinitely  small  deflection,  the  oentrifc^a. :  r 
equal  to  or  greater  than  the  stiflness,  the  shaft  must  g»   * 
manently  whirling  round  in  a  bent  form,  to  the  injarr  o: 
and  the  adjoining  machinery  and  framing :  a  kind  of  moti-  z  ^ 
may  be  called  eefUrifagal  uhirling.     On  the  other  hamd,  ir  :  * 
indefinitely  small    deflection  the    stiffness   is    greater   tL^ 
oentiifugal  force,  centrifugal  whirling  is  impossiblcL 

For  a  shafb  of  a  given  length,  diameter,  and  material,  ttt  .- 
limit  of  speed;  and  for  a  shaft  of  a  given  diameter  and  cl.'  ~ 
turning  at  a  given  speed,  there  is  a  limit  of  length,  belo^"  •- 
centrifugal  whirling  is  impossible. 

The  mathematical  expression  of  the  conditions  of  the  p" 
leads  to  a  linear  differential  equation  of  the  fourth  order,  iv.-r 
by  means  of  circular  and  exponential  functions.     The  ii'  . 
are  (as  might  have  been  expected)  identical  in  form  wvl  ' 
obtained  by  Poisson  in  his  investigation  of  the  transverse  vr.  - . 
of  elastic  rods  {TraiU  de  Mecaniqtie,  VoL  IT.,  §  528) ;  and  >  i 
tbe  numerical  results  calculated  by  Poisson  are  ap}>iicab]e  :■ 
present  problem.     The  relation  between  the  limits  of  len^L  i 
speed  depends  on  the  way  in  which  the  shaft  is  supportri 
only  two  cases  which  will  here  be  given  are  those  respectirl; 
shaft  supported  on  two  bearings  at  its  ends,  and  of  an  overL^  . 
shaft  witii  one  end  fixed  in  direction. 

Let  —  be  the  modulus  of  elasticity  of  the  material,  expTvac . 

units  of  height  of  itself  (say,  for  wrought  iron,  about  7,^ 
feet,  or  2,286,000  metres);  t^,  the  square  of  the  radios  of  zj^-' 
•of  the  cross-section  of  the  shaft  (=  A*  -*-  16    for  a  cr!  :, 
shaft  of  the  diameter  h);  and  a,  the  angular  velocity  of  ^.'« 
=  2  «  x  number  of  turns  per  second).     Calculate  a  certaii:  1-  -. 
I,  as  follows : — 

' = (^7- 


i 


Then  the  limit  of  span,  below  which  centrifugal  whir!.  . 
impossible,  bears  a  ratio  to  b  depending  on  the  majintt>  in  « 
the  shaft  is  supported;  for  example, 

Shaft  supported  at  the  ends;  span,  2c,  <  ~  S-liiA  a  i  •  * 

Shaft  overhanging:  direction  of  one  end  (  =  0-595  «-  6  1 
fixed ;  lenfi^th,  o,  t  =   1  -87  ^         / ' 
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In  practical  calculations  it  may  be  convenient  to  put^  instead 

o    .A. 
of  ^  y  -^  J  where  n  is  the  number  of  revolutions  per  second,  and 

A  =  j^  (=  0*815  foot,  or  0  248  m^tre,  nearly)  is  the  altitude  of 

a  revolving  pendulum  which  makes  one  revolution  in  a  second. 
This  gives,  for  the  value  of  &, 


b 


-  (^» w 


It  is  obvious  that  r  should  be  expressed  in  the  same  units  of 

measure  with  —  and  A;  for  example,  in  feet,  if  they  are  expressed 

in  feet. 

The  inverse  formuln  for  the  limit  of  speed  below  which  centri- 
fugal whirling  is  impossible  in  a  shaft  of  a  given  length,  /,  are  of 
course  as  follows : — 

Make  6  ^  2  e  x  0*3183  for  a  shaft  supported  at  the  two 
ends,  and  of  the  half  span,  c; (5.) 

Or  &  B  0*5347  c  for  an  overhanging  shaft;. (6.) 

Then  the  limit  of  speed,  in  revolutions  per  second,. is 


"=iV^ (^•) 


The  following  are  approximate  values  of  and  its  square 

and  fourth  roots,  for  British  and  French  measures  : — 

^  V     w     \  w  J 

Peet, 6,100,000       2,470  49*7 

Metres, 566,000        752-4  27-4 

An  additional  mass  turning  along  with  the  shaft,  such  as  m 
pulley,  has  little  effect  on  the  centrifugal  force  when  it  is  in  the 
usual  position ;  that  is,  close  to  or  near  to  a  bearing. 

The  effect  of  an  additional  rotating  load  distributed  uniformly 

along  the  shaft  may  be  allowed  for  by  diminishing  the  height  ^ 
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of  the  modulus  of  elasticity  in  the  same  pTOportion  in  whidi  the 
weight  of  the  shaft  itself  is  less  than  the  gross  load. 

The  effect  of  an  additional  rotating  load  at  a  point  not  near  a 
bearing  has  not  yet  been  investigated.  The  problem  is  capable  of 
solution  by  means  of  the  general  integrals  alro&dy  known;  but  it  is 
not  of  much  practical  importance;  for  when  a  shaft  is  so  long  and 
so  rapid  in  its  rotation  as  to  require  precautions  against  centri- 
fugal whirling,  the  first  precaution  is  to  avoid  loading  it  with 
rotating  masses  which  are  not  very  near  the  bearings. 

468.  DiaienisM  of  CospliBgfc — Couplings  have  already  been 
referred  to  in  connection  with  disengaging  and  re-engaging  gear, 
in  Article  260,  page  295.  An  ordinary  shaft-coupling  may  he 
described  as  consistiue  of  two  discs  at  the  ends  of  the  two  lengths 
of  shafting  to  be  coupled,  which  two  discs,  when  put  together,  form 
one  cylinder;  each  of  the  two  discs  being  cylindrical,  and  having, 
on  the  side  which  faces  the  other  disc,  alternate  projecting  and 
receding  sectora:  the  projecting  sectors  forming  claws,  which  fit 
into  the  hollows  and  between  the  claws  of  the  opposite  disc.  When 
there  is  only  cmt  projecting  sector  or  claw  on  each  disc,  of  a  semi- 
cylindrical  figure,  the  coupling  is  the  circuiar  halflap  coupling, 
introduced  by  Mr.  Fairbaim.  It  is  described  by  him  in  the  follow- 
ing words  {TreaUse  on  Mills  and  Millworkf  Part  IL,  page  81):— 
"  It  is  perfectly  round,  and  consists  of  two  laps,  turned  to  a  gauge, 
and,  when  put  together  by  a  cutting  machine,  it  forms  a  complete 

cylinder. A  cylindrical  box  is  fitted  over  these, 

and  fixed  by  a  key,  grooved  hidf  into  the  box  and  half  into  the 
shaft.  The  whole  is  then  turned  in  the  lathe  to  the  same  centres 
as  the  bearings  of  the  shaft.     ....'* 

The  following  are  the  proportions  given  by  Mr.  Fairbaim  for 
this  coupling : — 

Area  of  the  coupling, =  2  x  area  of  the  shaft.. 

^lifniw*'  ''"'^  ^^"^^^  "'[  =  1-4142  X  diameter  of  duft 
coupling, j 

Length  of  lap, =  diameter  of  shaft. 

Length  of  box, j=  2  x  diameter  of  shaft. 

To  which  may  be  added,  outside )       oi       j*       i.       ^  t  i». 
diameter  of  box, }  =  ^i  x  diameter  of  shaft. 

469.  RnskM  and  Plnnibcr-Block*. — The  following  rules  for  the 
dimensions  of  the  brasses  or  bushes  of  bearings  for  journals,  and  of 
the  plumber-blocks  which  carry  those  bushes,  are  given  on  the 
authority  of  Mr.  Molesworth : — 

Bush:  thickness  of  metal  at  bottom  =  0*15  inch  +  from  0*09  to 
0*12  diameter  of  journal. 
„      thickness  of  metal  at  sides  -  f  thickness  at  bottom. 
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Piuhber-Block  :  thickness  of  sole-plate  =  0*3  diameter  of  journal. 

thickness  of  cover  =  0*4  diameter  of  journal, 
diameter  of  bolts,  if  two  in  number  =  0*25  dia- 
meter of  journal 
„  ,,  if  four  in  number  »  0*18  dia* 

meter  of  journal 

SscnOH  IV.— Special  RuU»  relating  to  Pulleys,  Wheels,  Teeth, 

and  Levers. 

470.  Tcdk  and  Btais  •€  Wheels,  aad  IMnieaeleBe  dcpcndlac  en 

iheak — The  teeth  of  wheels  are  made  strong  enough  to  resist  the 
bending  moment  which  maj  arise  from  the  whole  force  transmitted 
by  a  pair  of  wheels  happening  to  act  on  one  comer  of  one  tooth, 
such  as  D  in  fig.  281. 

In  fig.  281  A,  let  the  shaded  part  represent  a  portion  of  a  cross- 
section  of  the  rim  of  the 
wheel  A  of  fig.  281,  and  let 
E  H  K  P  be  the  face  of  a 
tooth,  on  one  comer  of  which, 
P,  acts  the  force  represented 
by   that    letter.      Conceive  ^^ 

any  sectional  plane,  E  F,  to      •^  "^4  ^**  ^^^ 

intersect  the  tooth  from  the  ^  ^ 

side  E  P  to  the  crest  P  K,  ^ 

and  let  PO  be  perpendicular  nff%8i 

to  that  plane.     Let  h  be  the  ^* 

thickness  of  the  tooth,  and  let  E  F  =  6,  P  G  =  2. 

Then  the  bending  moment  at  the  section  E  F  is  P  2,  and  the 
greatest  stress  produced  by  that  moment  at  that  section  is 

6Vl 

which  is  a  maximum  when  ^.^  P  E  F  :s  45*,  and  &  s=  2  /,  having 
then  the  value, 

Consequently,  the  proper  thickness  for  the  tooth  is  given  by  tho 
equation 


-V 


/ <■■> 


This  formula  is  Tredgold^s;  according  to  whom  the  proper  value 
for  the  greatest  working  stress,/^  is  4,500  lbs.  on  tho  square  inch. 


554  HAT£aiAL8y  OOlTSTBUCnOH^  AMU  STBEHQTK. 

when  tbe  teeth  are  of  cast  iron;  and  about  1,125  Iba  on  the  aqnare 
inch,  when  they  are  wooden  cogs;  being  equivalent  respective]/  to 
3 '2  and  to  O'S  kilogrammes  on  the  square  millimetre;  so  that  a 
wooden  cog  has  twice  the  thickness  of  a  cast-iron  tooth  fitted  to  bear 
the  same  pressure. 

The  thickness  having  been  thus  determined,  the  pitch  is  to  be 
deduced  from  it  by  the  following  formula : — 

p     ,   _^  +  0-02  inch  __  A  +  0*5  millimetre 

Ji'itcn  -  jj;^^;  ^^  ; (*-,) 

and  all  the  other  dimensions  of  the  teeth,  and  of  the  ring  which 
carries  them,  are  to  be  calculated  from  the  pitch,  by  means  of  mlei 
which  have  already  been  given  in  Article  125,  page  117. 

It  has  already  been  stated  iu  the  rules  rderred  to,  that  the 
depth  of  the  ring,  when  cast  along  with  the  teeth,  is  equal  to  tbe 
thickness  of  a  tooth  at  its  root  In  a  mortise-wheel,  with  a  cast- 
iron  ring,  and  wooden  cogs  fixed  into  mortises  in  the  ring,  the  depth 
of  the  ring  is  about  equal  to  the  pitch.  The  thickness  of  metal  iu 
the  ring  regulates  the  thickness  of  metal  in  other  parts  of  the 
wheel,  which  should  be  the  same,  or  nearly  the  same. 

The  hoop-shaped  ring  which  carries  the  teeth  of  a  wheel  is  often 
strengthened  by  means  of  a  rib  or  feather  in  a  plane  normal  to  th« 
axis,  and  sometimes  by  means  of  two  such  ribs,  so  as  to  make  the 
cross-section  of  the  rim  T-sHaped,  or  trough-shaped,  as  the  case  may 
be.  The  sectional  area  of  the  rim  in  such  cases  is  made  nearlv 
equal  to  that  of  the  arms,  which  is  determined  by  means  of 
principles  to  be  stated  further  on. 

,  The  breadth  of  a  wheel  is  regulated  by  that  of  the  teeth,  wrhich 
is  found  by  one  of  the  rules  already  referi^  ta  The  breadth  of  a 
pulley  is  regulated  by  that  of  the  belt  which  is  to  run  upon  it ;  and 
the  swell  (as  already  stated  in  Article  170,  page  184),  is  one- 24th 
of  the  breadth. 

471.  B«t«  aiidi  Ams  •fa  Whed  Mr  PHNcy— -When  a  wheel  or 
pulley  is  cast  in  one  piece,  the  nave  or  boss  is  usually  about  twice 
the  diameter  of  the  shaft  on  which  it  is  fixed,  and  sometimes  a 
little  less.  When  the  arms  are  cast  separate  from  the  boss,  and 
inserted  into  sockets  in  it,  where  they  are  fixed  by  means  of  bolts 
or  of  wedges,  the  boss  is  from  three  to  four  times  the  diameter  at 
the  shaft. 

A  small  wheel  or  pulley  often  has  instead  of  arms,  a  thin  flat 
disc,  whose  thickness  may  be  made  equal  to  the  thickness  of  metal 
round  the  eye  of  the  boss.  In  rapidly  revolving  pulleys,  the  arms 
are  often  made  of  a  flat  oval  section,  so  as  to  cleave  the  air 
edgewisa  The  arms  of  wheels  are  usually  of  a  T-shaped, 
shaped,  or  tubular  form  of  section. 
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To  calculate  the  bending  moment  which  each  of  the  arms  of  a 
wheel  has  to  resist,  let  M  be  the  greatest  moment  of  the  effort 
transmitted  by  the  wheel ;  n,  the  number  of  arms;  r,  the  geomet- 
rical radius  of  the  wheel,  from  the  axis  to  the  pitch-line;  z,  the 
length  of  an  arm,  from  the  boss  to  the  rim;  M',  the  bending 
moment  on  each  arm ;  then  two  cases  loay  be  distinguished. 

L  If  the  arms  and  rim  are  made  in  one  piece,  either  by  casting 
or  by  welding; 

M'  =  ^; (1.) 

2nr  ^   ' 

and  this  formula  is  applicable  also  to  wheels  like  the  paddle  wheels 
of  a  steamer,  in  which  wrought-iron  arms  are  rigidly  bolted  or 
rivetted  both  to  the  boss  and  to  the  rim. 

11.  If  the  arms  are  cast  along  with  segments  of  the  rim,  and 
fastened  into  sockets  in  the  boss; 

-,,     Ma;  _ . 

M'=  — (2.) 

nr  ^   ^ 

This  second  formula  is  based  on  the  supposition  that  the  joint 
where  an  arm  is  inserted  into  the  boss  cannot  safely  be  trusted  to 
bear  any  part  of  the  bending  moment  This  is  not  strictly  coiTect^ 
but  it  is  an  error  on  the  safe  side. 

The  transverse  section  of  the  arms  is  to  be  adapted  to  bear 
safely  the  working  moment  thus  found,  by  the  aid  of  the  rules  of 
Article  437,  pages  514  to  516. 

In  Case  I,  the  greatest  bending  moment  is  exerted  on  each  arm 
at  two  points,  close  to  the  rim  and  dose  to  the  boss  respectively; 
in  Case  II,  the  greatest  bending  moment  is  exerted  close  to  the 
rim. 

Another  way  of  adjusting  the  strength  of  the  arms  to  the 
moment  exerted  througb^  them  is  as  follows : — Having  fixed  the 
figure  and  dimensions  of  an  arm  according  to  convenience,  calculate 
the  working  moment  to  which  it  is  adapted;  let  thin  be  denoted 
by  M';  then  the  number  of  arms  required  is  given  by  the  following 
formttln:^- 

InCMeljn-^^; (3.) 

In  Owe  U;  11  =  1^^; (4.) 

The  real  working  modulus  of  stress  for  cast  iron  in  these  cal- 
culations should  not  exceed  4,500  lbs.  on  the  square  inch,  or  3*2 
kilogrammes  on  the  square  millimtoe;  and  for  wrought  iron. 
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9,000  lbs.  ou  the  square  inch,  or  6*3  kilogrammes  on  the  sqiuire 
millimetre. 

472.  CcaiHIIigal  Tenslmi  Im  Wheels  «Mdl  PMlley«»— The  rim  (^  a 
wheel,  moving  with  the  Telocity  v,  is  subjected  to  a  centrifug-^ 

tension  whose  amount  is  equal  to  the  weight  of  a  length  —  of  th&t 

rim  (including  teeth,  if  it  is  a  toothed  wheel).  This  is  resisted 
by  the  tenacity  of  the  rim  at  its  smallest  cross-section  (or  bj 
the  fastenings  of  the  rim,  if  it  is  made  in  segroeuts),  partly 
assisted  by  the  tenacity  of  the  arms.  Each  of  the  arms  W  to 
bear  its  own  centrifugal  tension,  which,  at  a  point  close  to  the  boe«, 
is  equal  to  the  weight  of  a  length  of  the  arm  itself  expressed 

1  —  ^  )  9-  >  ^  being  the  radius  of  the  wheel,  and  r*  that  of  tbe 

boss ;  and  on  the  whole,  it  is  an  error  on  the  safe  side  to  make  th« 
rim  strong  enough  to  bear  its  own  centrifugal  tension  without  aid 
from  the  arms.  This  fixes  a  limit  of  safety  as  to  speed,  for  a  rim 
of  a  given  material  and  construction.  Let  m  be  the  ratio  in  which 
the  mean  sectional  area  is  greater  than  the  effective  sectional  area, 
f  the  greatest  working  tensile  stress,  and  let  to  be  the  heaviness  of 
the  material ;  then  the  greatest  proper  velocity,  being  that  which 
produces  the  stress/^  is  given  by  the  formula  :-* 

'-ViiQ c 

The  modulus,  ^  for  cast  iron  may  be  taken  at  800  feet,  or  '244 

metres ;  so  that  when  m  =  1,  as  in  a  pulley,  or  a  fly-wheel  without 
teeth,  we  have  1;  =  160  feet,  or  49  mitres,  per  second  nearly,  l^^ 
a  cast-iron  spur  fly-wheel  be  so  designed  that  m  =  2;  then  o  s  113 
feet,  or  34  metres,  per  second  nearly. 

/ 
The   modulus,  --,   for  wrought-iron  wheel-tyres  that  are  not 

welded,  but  rolled  out  of  perforated  discs,  may  be  taken  at  2,400 
feet,  or  730  metres. 

473.  TcMlAB-Annfl   •£  Terileal  Wafcr-Wk«elih — The    weight    of 

a  great  vertical  water-wheel,  of  the  construction  introduced  hy 
Hewes,  is  hung  from  a  cast-iron  boss  by  means  of  wrought-iivn 
tension-rods.  The  load  is  distributed  amongst  the  rods  which,  at 
a  given  instant,  point  obliquely  or  vertically  downwards  from  the 
boss;  and  the  amount  of  the  tension  on  each  rod  is  proportional 
nearly  to  the  square  of  the  cosine  of  its  inclination  to  the  vertioil- 

The  mean  value  of  that  square  is  nearly  - ;  and,  at  any  instttit, 

half  the  total  number  of  rods  point  downwarda     Henoe,  let  /  be 
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the  intensity  of  the  tension  on  the  rods  which  point  TerdoJIjr 
downwards;  S,  the  sectional  area  of  a  rod;  n,  the  nomber  of  rods; 
W,  the  load;  then 


_n/S, 
and 


W  =  ?f?; (1.) 


8  =  1^. (2L) 

n/ 

For  the  working  valne  of/  we  may  take  from  9,000  to  10,000  lbs. 
on  the  square  inch;  or  from  6*3  to  7  kilogrammes  on  the  square 
millimHre.     (See  A  Manual  of  the  Sieam-Engme  and  other  Prime 

Movers,  Article  155^  I^^g^  1^1»  1^^-) 

474.  Rnc««  WhMih — Instead  of  transmitting  power  between 
the  boss  and  the  rim  of  a  wheel  by  means  of  the  lesistanoe  of  the 
arms  to  bending,  the  arms  may  be  so  placed  as  to  transmit  power 
by  their  direct  tension  and  thmst;  and  for  that  purpose  they  must 
not  be  radial,  but  must  lie  in  the  direction  of  tangents  to  a  cirde  of 
a  radius  somewhat  smaller  than  that  of  the  bosa  Let  r^  denote  the 
radius  of  this  circle;  n,  the  number  of  arms;  M,  the  greatest 
moment  transmitted;  then  the  amount  of  the  greatest  stress  along 
an  arm  is  given  by  the  following  expression : — 

This  is  tension  for  one  half  of  the  arms,  and  thrust  for  the  other 
half;  and  their  dimensions  are  to  be  determined  by  the  rules  of 
Article  459,  pages  537  to  539. 

475.  ijmw^nt  Hwiia,  «b4  CrmmMm  have  usuaUy  one  or  two  armsy 
as  the  case  may  be ;  and  each  arm  is  in  ihe  condition  of  a  bracket; 
the  greatest  bending  moment  being  exerted  at  that  cross-sectioD 
which  traverses  the  fulcrum,  or  axis  of  motion.  In  the  crank  of  a 
steam  engine,  the  greatest  bending  moment  is  identical  with  the 
greatest  twisting  moment  exerted  on  the  shaft  to  which  the  crank 
is  fixed. 

In  ordinary  cases  it  is  unnecessary  to  add  anything  to  the  rules 
which  have  iJready  been  given  in  Article  434  to  438,  pages  504 
to  517,  for  determining  bending  moments,  and  the  transverse 
dimensions  required  in  order  to  resist  those  moments.  Cranks  are 
usually  rectangular  in  section;  levers  and  walking  beams  are 
sometimes  rectangular  and  sometimes  X-shaped.  The  bending 
moment  is  in  most  cases  exerted  in  contrary  directions  alternately, 
so  that  the  cross-section  must  be  made  83rmmetrical  about  the 
neutral  axis;  and  for  the  modulus  of  stress  must  be  taken  a  sale 
working  value  of  that  kind  of  stress  against  which  the 
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weakest;  tension  for  cast  iron,   ihrast  for   wrought  iron;    for 
example : — 

Lb&  on  the  square  inch, 3000  6000 

Kilogrammes  on  the  square  millimetre,...       a-i  4-a 

Holes  made  in  a  lever  for  the  purpose  of  inserting  pins  should 
be  as  near  as  possible  to  the  neutral  layer;  that  being  the  position 
in  which  the  removal  of  a  given  area  of  material  weakens  the 
lever  least. 

The  following  rules  for  the  proportionate  dimensions  of  a  steam- 
engine  crank,  made  to  be  keyed  on  the  end  of  a  shaft,  are  those 
deduced  by  Mr.  Bourne  from  the  practice  of  Messrs.  Boulton  and 
Watt  :— 

Dfrnmetorof 
Sltaft-Joanial 

Crank-web;  thickness  produced  to  centre  of  shaft,...  075 

„  breadth  produced  to  centre  of  shaft^....  1*50 

Large  Eye;  breadth, 175  . 

thickness, 0*45 


Sf 


or 

PIslOD-'Bod 
Bwiapliwd  by 

Crank- web ;  thickness  produced  to  centre  of  pin, i  'i  o 

„           breadth  produced  to  centre  of  pin, i  "60 

Small   Eye;  breadth, 1-87 

„            thickness, 0*63 

Crank-pin  Journal;  diameter, 1*40 

yy              91        length, 1-60 

As  to  Crank-pins,  see  pages  541  to  543. 

Trussed  or /ramed  leven  are  sometimes  used ;  as  in  the  walking 
beams  of  American  river  steamers.  A  beam  of  that  sort  consists 
mainly  of  a  cast-iron  cross,  having  the  ends  of  its  arms  tied 
together  by  four  wrought-iron  tie-rods,  forming  a  losenge-shaped 
figure.  The  long  arms  are  from  twice  to  three  times  the  length  of 
the  short  arms.  The  long  arms  are  always  in  a  state  of  thrust;  the 
upper  and  lower  tio-rods  alternately  are  subjected  to  tension;  an 4 
the  upper  and  lower  short  arms  of  the  cross  alternately  are  sub- 
jected to  a  thiiist  equal  to  twice  the  load.  The  load,  the  thrust 
along  a  long  arm,  and  the  tension  on  a  tie-rod,  are  to  each  other 
nearly  in  the  proportions  of  the  length  of  a  short  arm,  the  length 
of  a  long  arm,  and  the  length  of  a  tie-rod. 
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CHAPTER  IT. 

OK  THB  PBINaPLBS  OF  THB  ACTIOIT  OF  CUTTIKO  TOOLS. 

476.  Cimiena  BsFteaailmia. — In  making  the  bearing  and  work- 
ing  surfaces  of  the  parts  of  a  machine,  it  is  only  a  rough  approxi- 
mation to  the  required  figure  that  can  be  obtained  by  casting,  by 
foiging,  or  by  pressure.  The  precision  of  form  which  is  essential 
to  smooth  motion  and  efficient  working  is  given  by  means  of 
cutting  toola  The  object  of  the  present  chapter  is  to  give  a  brief 
statement  of  the  principles  upon  which  the  action  of  such  tools 
dependa  For  I'etailed  information  respecting  them,  reference 
may  be  made  to  the  second  volume  of  HoltzapffeFs  TrecUise  on 
Mechanical  Maniptdaiwnf  extending  from  page  457  to  page  1025, 
and  to  Mr.  Korthcott*s  Treatise  on  Lathes  and  Turning;  and  foe 
a  very  dear  summary  account  of  their  nature  and  use,  to  an 
Essay  by  Mr.  James  Nasmyth,  published  at  the  end  of  the  later 
editions  of  Buchanan's  Treatise  on  MillworL 

The  appendix  to  Holtzapffel's  volume  contains  two  essays  of 
much  value  on  the  general  principles  of  cutting  tools^-one  by  Mr. 
Babbage,  and  the  other  by  Professor  Willis. 

477.  Ctenwtevtellcs  sf  Cnttteg   TmIs   te    CtoMml. — The    usual 

material  for  cutting  tools  is  steel,  of  a  degree  of  hardness  suited 
to  that  of  the  material  to  be  cut  Every  cutting  tool  has  at  least 
one  cutting  edge;  and  sometimes  three  or  more  edges  meet  and 
form  a  point,  two  or  more  of  those  edges  being  cutting  edges;  so 
that  the  form  of  the  cutting  part  of  a  tool  is  that  of  a  wedge,  or 
of  a  pyramid,  as  the  case  may  be.  A  cutting  edge  ia  formed  by 
the  meeting  of  two  sur&ces,  generally  plane,  and  sometimes  curved. 
When  a  surface  forming  a  cutting  edge  is  oblique  to  the  original 
surfaces  of  the  bar  out  of  which  the  tool  is  made,  that  surface  is 
called  a  chan^fer  or  bevel.  The  angle  at  which  those  sur&cea 
meet  may  be  called  the  cutting  angle.  It  ranges  from  about 
15^  to  135^,  according  to  the  nature  of  the  material  to  be  cut,  and 
the  way  in  which  the  tool  is  to  act  upon  it  Examples  of  cutting, 
angles  of  tools  for  different  purposes  will  be  mentioned  further  on., 
A  narrow  cutting  edge  at  the  end  of  a  bar^shaped  tool  is  often 
called  the  point  of  the  tool ;  the  body  of  the  tool  is  called  the  shaft 
or  the  blade;  the  term  she^  being  usually  applied  to  tools  with  a» 
cutting  point  or  narrow  edge  at  one  end,  and  bUtde  to  those  which 
have  a  longitudinal  cutting  edge;  but  blade  is  often  applied  to. 
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both  kinds  of  tool&  A  bar-shaped  shaft  is  sometimes  called  a  tUm. 
The  blade  or  shaft  of  a  tool  is  sometimes  made  of  iron,  and  edged 
or  pointed  with  steeL  A  laiger  piece,  to  which  the  blade  is  fixed, 
is  called  the  stock;  and  in  the  case  of  hand-tools,  that  pari  of  the 
stock  which  is  grasped  bj  the  haod  is  called  the  handle.  The 
stocks  and  handles  of  hand-tools  are  usually  of  wood  of  some  strong 
and  tough  kind.  Where  steady  pressure  is  to  be  exerted,  stiff 
woods  are  to  be  chosen,  such  as  beech  and  mahogany;  where  blovs 
are  to  be  given,  flexible  woods,  such  as  ash.  Machine-tools  are 
held  in  tod-holders  of  different  sorts,  made  of  cast  and  wroaght 
iron.  A  rest  is  a  fixed  or  moveable  support  for  a  cutting  tool^  in 
machine  tools,  the  rest  carries  the  tool-holder. 

The  term  machine-tool  is  often  applied,  not  merely  to  the  cutting 
implement  itself,  but  to  the  whole  machine  of  which  it  forms 
IJart 

The  piece  of  material  which  is  being  cut  by  a  tool  is  commonly 
called  the  toork.  A  given  relative  motion  of  the  work  and  cutting 
tool  may  be  obtained  either  by  keeping  the  work  fixed  and 
moving  the  tool,  or  by  keeping  the  tool  fixed  and  moving  the  work, 
or  by  a  combination  of  both  those  motions. 

478.  CteMiflcatfsB  •€  Caitteg  T««la. — ^The  following  classdfication 
is  that  of  Holtzapffel.  Gutting  tools,  according  to  their  mode  ol 
action  on  the  bodies  to  which  they  are  applied,  are  divided  into 
Shearing^  Paring^  and  Scraping  tools;  the  following  being  the 
characters  by  which  those  tools  are  distinguished  from  each 
other. 

I.  A  Shearing  Tool  acts  by  dividing  a  plate  or  bar  of  the 
material  operated  on  into  two  parts  by  shearing ;  that  is  to  say, 
by  making  these  two  parts  separate  from  each  other  by  sliding  at 
the  surface  of  separation. 

IL  A  Paring  Tool  cuts  a  thin  layer  or  strip,  called  a  Aamng^ 
from  the  surface  of  the  work;  thus  producing  a  new  surface. 

III.  A  Scraping  Tool  scrapes  away  small  particles  fit>m  the 
smface  of  the  work;  thus  correcting  the  small  irregularities 
which  may  have  been  left  by  a  paring  tooL 

479.  SkcupiBs  aad  Paackias  Taai*. — ^A  pair  of  shears  for 
cutting  iron  usually  consists  of  two  blades;  the  lower  fixed, 
and  the  upper  moveable  in  a  vertical  direction.  The  inner 
fiices  of  the  blades  are  plane,  and  are  so  fitted  as  to  slide  past 
each  other  very  closely,  but  without  appreciable  fi*iction.  The 
ordinary  angle  for  the  cutting  edges  is  from  75^  to  80^.  In 
shears  for  cutting  plates,  the  edge  of  the  lower  blade  is  horizontal ; 
that  of  the  upper  blade  has  an  inclination  of  from  3^  to  6^,  in 
order  that  the  shearing  may  begin  at  one  edge  of  the  plate,  and 
go  on  gradually  towards  the  other  edga     Fig.  282  ^presents  a 

*-o8s-section  of  the  blades  of  a  pair  of  shears,  with  their  catting 
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edges  at  A  uid  B,  aod  haviiig  betwoen  them  a  plate  or  \»x,  C  C, 
wbicli  is  to  be  ahoru  through  at  the  pkae  whose  trace  u  the 
dotted  line  A  B. 

The  blades  of  aheara  for  cutting  aDgle-iron  ban  have  Y-shaped 
edges,  to  suit  the  form  of  cross-Bcction  of  the  baiv. 

The  class  of  shearing  tools  comprehends  also  tools  foTpuwAittg; 
the  onl^  difference  being -in  the 
form   of    the    surikce  at  which  | 

fihearing  takes  place ;  which  form 
determines  that  of  the  catting 
edges  of  the  tools.  The  genenu 
principle  of  the  action  of  those 
tools  is  shown  in  Ga.  283;  in 
which  C  G  is  a  plate,  ^ing  upon  ~ 
the  dig,  represented  ia  vertical 
Motion  by  B  Bj  that  is,  a  flat  _ 
disc  or  block  of  bard  steel,  having 
in  it  a  hole  a  little  larger  than 
the  hole  that  is  to  be  punched 
in  the  piste.  A  is  the  pun^A, 
of  a  cylindrical  figure,  ita  base 
being  of  the  size  and  figuio  of 
the  hole  to  be  made;  The  descent 
of  the  punch  causes  the  material 
of  the  plate  C  C  to  separate  hy 
shearing  at  the  surface  whoso 
traces  are  marked  by  dotted  tines, 
and  drives  oat  a  piece  called  a 
wad,  which  drops  through  the 
hole  in  the  die.  The  wad  is 
■lightly  conical ;  its  upper  end 
being  of  the  size  of  the  punch, 
and  its  lower  end  nearly  of  the 
use  of  the  hole  in  the  die. 

The  cnrdinary  difference  of  dia- 
meter between  the  pnnch  and 
the  die  ranges  from  O'l  to  0'3 
of  the  thickness  of  the  plate. 
Sometimes  the  die  is  made  pro* 
portiooately  laiger,  in  order  that 
the  holes  may  be  more  conical. 

The  smaller  end  only  of  a  punched  hole  is  accurate  in  laia 
and  figure,  and  smooth.  The  laiger  end  is  more  or  less  irregular 
and  ragged.  When  it  is  necessary  that  a  pTmohed  hole  should 
be  made  r«galar  and  smooth,  that  is  done  by  scraping  with  a 
pynmidal  tool  called  a  rimtr  or  broaeL 
3o 


i 


Fig.  sea. 
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The  preannre  required  for  sbearing  or  for  punchiiig  may  be 
calculated  bj  means  of  the  following  formula : — 

P=>c<; (1) 

in  wluch  t  is  the  thickness  of  the  plate  to  be  shorn  or  mmehed;  e, 
tiie  length  of  the  cut;  that  is,  the  breadtii  of  the  plate,  for  afaeum^ 
on  th&wciroamference  of  the  hole^  for  pnnching;  so  that  e(u  the 
area  of  shorn  sarfiBu» ;  and  /,  the  oo-effident  of  ultimate  reoaUnce 
to  shearing;  which  may  be  estimated,  for  malleable  iron,  at 

50,000  lbs.  on  the  square  inch,  or 

35  kilogrammes  on  the  square  millimetre. 

The  toork  of  shearing  or  punching  is  estimated  by  Weubech 
{Ingenieury  §  129)  as  equal  to  that  of  overcoming  liie  reaislaDoe  P 
through  oruhsixth  qf  the  thickmsa  qf  ike  pUate/  that  is  to  aaj,  H  is 
ezpr^edbj 

and  this  is  the  net,  or  useful  work.  The  same  author  eatinat^s 
the  counter-efficiency  of  shearing  and  punching  machfnw  at  torn 
H  ^  Hi  ^  ^^  taking  the  higher  oi  those  estimatei^  tha  toul 
work  of  such  a  machine  at  one  stroke  is 


U^/lf. (a) 


and  this  formula  is  to  be  used  in  calculating  the  power  leqaired  to 
drive  anch  machines,  and  the  dimensions  of  their  fly-imeb  (^ 
page  410). 

480.  PwiiM^  mmd  ateispteg  T««te  la  ctaMnO. — The  geneial  iiato« 
of  the  modes  of  action  of  paring  and  of  scraping  tools  is  illivtrattJ 
by  figa  284  and  285;  panng  beins  represented  by  fig.  284;  909^ 
ing  by  fig.  285.  In  each  figure,  the  tool  is  supposed  to  act  upon  t 
cylindriod  piece  of  work  in  a  turain|^  latha  The  arrow  ia  eadi 
figure  represents  the  direction  of  motion  of  the  work  relativalj  ^\ 
the  tool.  The  plane  of  each  figure  is  parallel  to  the  directiao  0! 
the  cutting  motion,  and  perpendicular  to  the  fiioe  of  the  voik 
The  point  A  ia  the  trace  of  the  cutting  edge  of  the  tooL  FAB 
is  a  noimal  to  the  face  of  the  work,  and  is  also  the  trace  of  a  pUi^. 
normal  to  the  direction  of  the  cutting  motion.  A  G  is  the  trace  ot 
a  plane  tangent  to  the  fiu)e  of  the  work.  Hiad  the  prooes  repr^ 
sented  been  planing  instead  of  tumins,  A  0  would  have  bean  tbe 
trace  of  the  face  of  the  work  itselT  A  D  is  the  trace  of  ^ 
/aethplane  or  Jhml^pUme  of  the  cutting  edge.  The  aogla  A  C  P 
>8  called  by  Babbage  the  amgUqfrdirf. 
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AE  b  the  traceof  the  vppar  |ibma  of  the  caUing  edge:  aocalled 
because  of  its  position  in  the  process  of  taming,  when  the  plane 


Pig.  2S4. 

A  C  is  vertiea],  and  the  tool  cuts  upwards.    In  other  opera- 
tions, sach  as  planing  and  slotting^  the  plane  A  E  maj  be  turned 


Pig.  28S. 
forwards  or  downwards;  the  fiM)t  beings  that  in  eveiy  ease  it  is  the 
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real  front  plane  as  r^rds  the  catting  motion ;  bat  the  cn^itom  b 
to  call  it  the  apper  plane. 

D  A  £  is  the  angle  of  the  tool,  or  cutUng  cmgle,  In  paring  tools 
the  catting  angle  is  always  acate,  as  in  fig.  284 ;  having  valaes 
depending  on  the  natnre  of  the  material  to  be  cat,  of  which  ex- 
amples will  be  given  further  on.  In  scraping  tools,  the  catting 
angle  maj  be  acnte^  Hght^  or  obtuse;  in  fig.  285,  it  is  nearly  a 
li^t  anglcL 

The  angle  C  A  E,  made  by  the  npper  plane  A  E  with  the  tangent 
plane  A  C,  may,  for  the  sake  of  convenience^  be  called  the  uxniing 
angle;  so  that  iJie  toorking  angle  %»  equal  to  the  eum  of  the  cutting 
an^e  and  the  angle  of  relief;  or  in  symbols,  CAE«DA£4> 
CAD.» 

It  is  npon  the  working  angle  that  the  distinction  between 
properly  shaped  paring  and  scraping  tools  depends.  That  distinc- 
tion may  be  stated  as  follows: — Every  pairing  tool  hae  an  aeuU 
vx>rking  cmgle;  every  right  or  obtuse  woiiing  angle  mahee  a  teraping 
tooL 

An  acnte  working  angle,  if  it  is  too  great  to  suit  the  matmal  on 
which  it  acts,  may  give  a  scraping  instead  of  a  paring  tooL 

As  regards  the  effect  of  the  cutting  angle  npon  the  action  of  a 
tool,  it  is  obvious,  that  as  the  working  angle  is  greater  than  the 
cutting  angle,  an  obtuse  or  even  a  right  catting  angle  gives  a 
scraping  tool;  and  that  an  acnte  catting  angle  too  may  give  a 
scraping  tool,  if  the  tool  is  held  so  as  to  make  the  working  angle 
right  or  obtuse;  but  that  an  acute  cutting  angle  is  essential  to  a 
paring  tooL 

In  well-made  paring  tools,  the  difference  between  the  working 
angle  and  the  cutting  angle,  or  angle  ofrdief^  C  A  D,  is  not  made 
greater  than  experience  has  proved  to  be  necessary  in  order  to 
prevent  excessive  friction  between  the  face-plane  of  the  tool  and 
the  face  of  the  work;  that  is;,  about  3^  Any  increase  of  that 
angle  is  to  be  avoided;  because  it  tends  to  make  the  tool  dig  into 
the  work,  and  to  produce  ''chattering;"  and  because  by  diminish- 
ing  the  cutting  angle,  it  weakens  the  tooL 

The  position  of  the  shaft  of  the  tool  as  held  by  the  tool-holder 
should  in  all  cases  be  such  that  the  back  and  forward  motion  of 
adjustment  of  the  cutting  edge.  A,  by  which  the  depth  of  the  cut 
is  regulated,  shall  take  place  escadtly  in  the  plane  FAB,  perpendi- 
cular to  the  face  of  the  work;  that  is  to  say,  in  the  case  of  a 
turning  lathe,  in  a  plane  traversing  the  axis  of  rotation. 

The  tools  diown  in  the  figures  have  the  front  ends  of  their  shafls 
bent,  hocked^  or  cranked^  as  it  is  termed,  in  such  a  manner  as  ti> 

^  *Mr.  BablNigecalbEAFthetfii^(2/'e«oa;ie/sothatth6anfl^ofo»esM 
It  tne  oomplement  of  the  working  angla.  In  caipenters*  hand^pUnM^  Im 
""oriufig  ai^le  IS  caU«d  theinfdb. 
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ensure  that  the  catting  edge,  A,  shall  noi  hein  advance  of  the  axis 
qf  the  etraighl  part  ^  the  iiofi  of  the  tool  The  object  of  this 
arrangement  is,  that  any  deflection  which  the  tool-shaft  may 
iindei^  through  excessive  resistance  to  the  cat,  may  tend  to 
inoYe  the  catting  edge,  A,  away  from  the  work,  and  not  to  make  it 
dig  into  it 

In  tools  for  roagh  work,  and  having  very  stiff  shafts,  the  cranked 
shape  is  nnnecessaiy;  and  then  the  upper  side  of  the  shaft  is  in 
the  plane  B  A  F;  the  proper  position  of  the  upper  plane  of  the 
cutting  edge  being  given  by  means  of  a  hollow  or  JfltUe  in  the  upper 
side  of  the  tooL 

Fig.  286  represents  a  paring  tool  designed  on  the  same  principles 
with  that  shown  in  fig.  284,  but  with  two  cutting  edges,  and 
a  three-sided  pyramidsd 
point.  The  upper  part  of 
the  figure,  marked  with 
capital  letters,  is  an  eleva- 
tion ;  the  lower  part,  mark- 
ed with  italic  letters,  is  a 
plan,  or  horixontal  pro- 
jection ;  and  corresponaing 
letters  mark  correspond- 
ing pointa  The  cutting 
edges  in  the  plan  are 
marked  a  b  and  a  e;  abed 
and  a  e/d  are  the  pro- 
jections of  the  two  face- 
planes;  ad  ia  the  projec- 
tion of  the  /ront  edge; 
and  ab  g  he  that  of  the 
upper  plane.  In  the  ele- 
vation are  shown  one  of  the 
cutting  edges,  A  B;  one 
of  the  face-planes,  A  B£D; 
and  the  fiont  edge,  A  D. 
Sometimes  the  front  edge 
is  rounded,  together  with 

the  angles  cab  tLud/d  e;  thus  connecting  the  two  straight  cutting 
edges  by  means  of  a  short  curved  cutting  edga  Sometimes  the 
whole  cutting  edge  is  a  curve;  and  then,  instead  of  two  face-planes, 
there  is  a  cylindrical  front  surface. 

The  relations  amongst  the  angles  made  by  the  planes  and  edges 
of  such  a  tfx>l  as  that  shown  in  fig.  286  may  be  determined  either 
by  spherical  trigonometry,  or  by  the  rules  in  descriptive  geometry 
given  in  this  book.  Articles  24  to  30,  pages  9  to  12.  They  are 
treated  of  also  in  an  essay  by  Mr.  Willis,  already  mentioned  as 
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hsring  been  pablished  in  the  appendix  to  the  aeoond  volame  of 
Holtzapfrel  On  M^ihamcal  MtmipulaimK 

A  tool  with  one  enrved  or  two  Rtrajght  catting  edm  may  be 
naed  to  oat  a  groevey  or  to  pare  a  layer  by  saooeaaiTe  subavingi  off 
the  Bxa&iee  of  a  niece  of  work.  la  the  latter  case  the  shaft  of  the 
tool  is  to  be  ao  zormed  and  held,  that  one  of  the  strai^^t  cutting 
edges  rfor  example,  a  &),  or  one  side  of  the  carved  edge,  touches  the 
pared  tace  of  the  work,  and  the  other  (for  example^  a  c)  cats  into 
the  side  of  the  onpared  part  of  the  layer  that  is  being  leoioved; 
and  according  as  the  tool  ia  shaped  and  placed  so  aa  to  lie  to  the 
rijB;ht  or  to  the  left  of  the  tinpared  part  of  the  layer,  it  ia  called  a 
rightM4  or  a  Z^/Wtds  tool  Thoa,  in  a  right-aide  tod,  a  b  toadies 
the  pared  fiioe;  a  e,  the  aide  of  the  anpued  layer;  and  in  a  left- 
aide  tool,  ae  tondiea  the  pared  face,  and  ab  the  aide  of  the 
onpared  hiyer.  A  tool  with  one  catting  ed^  which  ia  parallel  to  the 
&ce  of  the  work,  aa  in  fig.  284,  or  a  tool  with  two  catting  edgea,  aa 
in  fig.  286,  making  eqoal  anglea  with  the  fiue,  ia  called  ayocMooL 
Fig.  287  showa  how  tiie  principle  of  having  a  email  ai^e  of  rdiel, 

with  a  safficiently  acote  catting 
angle,  ia  applied  to  drilU  or 
bonnghiU,  The  figare  allows 
a  front  view,  kttoed  A^  B^C, 
Ac;  «a  edge  view,  lettered 
A',  B*,  0',  &0,;  and  an  end 
view,  lettered  in  italics  A  A 
is  the  azia  of  rotation;  B  C, 
B  C,  the  catting  edges;  and 
the  reqaiaite  acateneaa  ia  j^ren 
to  the  catting  angle  (marked 
jyO'ir  in  the  edge  view)  by 
meana  of  a  Jluie  or  carved 
hollow  parallel  to  cadi  of  the 
catting  edgea. 

^The  beat  catting  an^ea  lor 
paring  iooU  aaited  to  different 
t  matenala  have  been  aaoertain- 
ed  by  practical  ezperienoa 
The  following  are  the  principal 
*%•  WT.  leaalta: — 


Wooc^ 

Iron  and  Steel, 

(The  amaller  anglea  for  tbs  aofter 

the  greater  for  the  harder.) 
Bran  and  Bronae, „... 


fiom  20^  to  45* 
from  60""  to  70' 


80^  and  apwardai 
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In  the  case  of  Bcraping  tools,  the  sixe  of  the  ontdng  angle  is  a 
question  mainly  of  convenience  and  strength;  for  the  same  tool 
which  is  a  paring  tool,  when  the  working  angle  is  only  a  little 
greater  than  the  catting  angle,  becomes  a  scraping  tool  when  the 
working  angle  is  sofficientlj  increased. 

It  may  be  considered,  however,  that  in  order  to  give  sufficient 
strength  to  the  tool,  the  lecul  cutting  angle  for  a  scraping  tool 
should  not  be  less  tlum  the  cutting  angle  of  a  paring  tool  suited 
to  the  same  materiaL 

The  cutting  angle  of  scraping  tools  for  iron  ranges  from  60° 
io  nearly  135°;  the  former  value  being  met  with  in  triangular 
scrapers  for  finishing  plane  surfaces;  the  Utter,  in  octagonal  broctchu 
for  enlarging  and  correcting  conical  holes. 

482.  9p^  mt  CMtteg  T««to. — The  speed  of  the  cutting  motion 
of  tools  is  limited  by  the  heat  produced  by  their  action :  it  must 
not  be  so  great  as  to  cause  that  heat  to  affect  tiie  temper  of  the 
steeL  Hence  it  is  less,  the  harder  the  material  of  the  work.  The 
following  are  examples. 

Opted  of  OBHtaf  MMkn. 

MiTBMtf..  Feel  par  Xunitek 

White  Gast  Iron, about                 5 

Steel,  and  Gray  Cast  Iron, •  from    10  to      ao 

Wrought  Iron, from    15  to      25 

Brass  and  Bronze, from    40  to    zoo 

Wood, from  300  to  2000 

BSgfaer  speeds  may  be  used  for  planing,  and  for*ordinary  turn- 
ing, where  the  tool  and  the  cut  surfiu)e  are  fi-eely  exposed  to  the 
air,  than  for  drilling  and  boring. 

483.  Wwiefo  •■«  Wofc  •rpuiiiia  Vm^m^ — ^The  following  esti- 
mate of  the  resistance  to  the  motion  of  a  tool  paring  iron,  and  of 
the  work  done,  is  based  on  that  given  by  Weisbach : — 

Let  R  denote  the  resbtanoe  to  the  cutting  motion  of  the  tool; 
b  the  breadth,  and  t  the  tUckness  of  the  shaving  which  it  pares  off; 
ao  that  6  <  is  the  sectional  area  of  the  shaving;  then 

P-/6I; (1.) 

in  which  y  is  a  co-efficient  depending  on  the  hardness  and  tough- 
ness of  the  materiaL  The  value  of /for  iron  is  estimated  by  Weis- 
bach at  50,000  lbs.  on  the  square  inch,  or  35  kilogrammes  on  the 
square  millimHre.  For  steel,  it  is  probably  from  once-and-half  to 
twice  as  great.  Let  Z  be  a  given  length  of  shaving;  then  the  work 
done  in  paring  that  length  off  is 

Tl^/lbL (2.) 

Let  10  be  the  heaviness  of  the  material;  then  wlbtiB  the 
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veight  of  material  pand  off;  and  the  work  done  in  that  process  ia 

f 
evidently  equal  to  (he  VKrk  of  Ufixng  that  wAghi  io  the  hdghi  -; 

10 

vhoee  Talae  for  iron  is 

15,000  feet,  or 
4,570  m^trea. 

The  amnier^^fieUnejf  of  the  machines  in  which  paring  tools  ate 
nsed  may  be  estimated  at  from  1*3  to  1-5;  or  say,  on  an  average 
1'4;  80  that  the  total  work  of  a  machine  in  paring  away  a  given 
weight  of  iron  may  be  estimated  as  being  equal  to  that  of  lifting 
the  same  weight  to  a  height  of 

21,000  feet^  or 
6,400  metres. 

The  work  done  b^  cutting  tools  produces  heat^  whidi,  nnless 
abstiactedy  tends  to  injure  the  tools  by  nusing  their  temperature 
In  order  to  abstract  the  heat  and  keep  the  temperature  moderate, 
the  point  of  the  tool,  in  cutting  wrought  iron  and  steel,  is  moistened 
with  a  suitable  liquid,  such  as  oil,  or  a  solution  of  carbonate  of  soda 
in  water.  Pure  water  should  not  be  used,  as  it  causes  iron  and 
steel  to  rust     Cast  iron,  brass,  and  bronze  are  cut  with  dcy  toola 

484  C— fciM«n«M  m£  Cmuim^  Tm^ilm. — ^The  boring  bit,  already 
mentioned  in  Article  480,  page  566,  is  in  &ct  a  combination  of  two 
cutters  or  paring  took.  A  combination  of  several  paring  tools, 
working  ride  )>y  side,  is  seen  in  the  tool  sometimes  called  a  comft, 
used  in  screw-cutting  lathes,  for  cutting  several  turns  of  the  thread 
at  the  same  time.  Cutters  following  each  other  in  successioQ 
occur  in  taps  and  dies,  for  cutting  internal  and  external  screws  by 
hand.  A  circular  cutter,  or  roM-ctitf«r,  used  in  shaping  the 
teeth  of  wheels,  is  itself  a  toothed  wheel,  each  of  its  teeth  being  a 
paring  tooL  The  teeth  of  a  saw  form  a  series  of  small  paring  tools 
or  scraping  tools,  according  to  their  working  angles;  and  by  the 
process  of  seUmg  them — that  is,  bending  them  alternately  to  the 
right  and  left — ^they  are  made  alternately  into  left-side  and  right- 
side  tools,  so  as  to  cut  the  two  sides  of  the  saw-kerf. 

485.  Mil—  •r  VachiBc-T«»ia  Im  CicBcmL — In  most  examples 
of  machine-tools,  the  relative  motion  of  the  tool  and  the  work  is 
the  resultant  of  three  component  motions,  usually  at  right  angles 
to  each  other,  or  of  two  out  of  those  three :  the  cutting  motion,  the 
traversing  motion,  or  transverse  feed  motion,  and  the  advancing 
feed  motion;  the  first  two  taking  place  parallel  to  the  face  of  the 
work,  and  the  third  in  a  direction  normal  to  il 

The  cuUing  motion  is  the  most  rapid  of  Uie  three,  being  that  bv 

which  the  tool  acts  on  the  face  of  the  work,  leaving  a  narrow  strip 

^d  from  which  a  portion  of  the  material  has  l>een  par^  or 


CUTTIKQ  TOOLS-^BULED  8URFACE&  569 

scraped  away.  In  many  instanoeSy  tbe  cutting  motion  is  effected 
by  a  motion  of  the  work,  the  tool  remaiDing  fixed,  and  sucli  is  the 
case  especially  in  turning  and  screw-cutting  lathes,  and  in  almost 
all  planing  machines.  There  are  other  operations  in  which,  the 
cut  18  maide  by  a  motion  of  the  tool;  such  as  drilling,  boring, 
slotting,  and  shaping.  Tbe  speed  of  the  cutting  motion  has  been 
already  mentioned  in  Article  i82,  page  567. 

The  transvene/eed  motion  takes  place  parallel  to  the  face  of  the 
"work,  and  at  right  angles  to  the  cutting  motion :  it  is  that  motion 
by  which  the  tool  is  made  to  shift  its  position  relatively  to  the 
-work,  so  as  to  make  a  series  of  parallel  cuts  side  by  side,  leaving  a 
series  of  strips  or  bands  which  compose  a  sui&ce  of  any  required 
extents  It  is  sometimes  continuous,  and  sometimes  intermittent. 
The  general  nature  of  transverse  feed  motions  has  already  been 
described  in  Article  258,  page  293. 

The  rate  at  which  the  traversing  motion  takes  place  in  paring  a 
csontinuous  surface  depends  on  the  breadth  of  the  cut ;  which,  in 
iron,  ranges  from  0*01  to  0*05  inch  (  -  from  0*25  to  1  -25  millimetre). 
lu  screw-cutting,  the  traverse  at  each  revolution  is  equal  to  the 
pitch  of  the  screw. 

The  advancing  feed-moUim  is  that  by  which,  after  a  certain  depth 
of  material  has  been  cut  away  from  the  face  of  the  work,  the  tool  is 
advanced  so  as  to  cut  away  an  additional  depth.  This  is  very 
often  an  intermittent  motion;  and  in  turning  and  planing  ma- 
chines it  is  usually  an  adjustment,  made  from  time  to  time  by 
hand.  Its  extent,  at  each  adjustment,  is  equal  to  the  depth  of  the 
cut;  which,  in  iron,  ranges  from  the  smallest  appreciable  quantity 
up  to  0*75  inch  (»  19  millimdti'es)  in  ordinary  cases. 

486.  fliaklas    Balcdl    Swrflic—    Fl— li^— Stottii— gfca>tl» — ^A 

ruled  surface  is  one  in  which  every  point  is  traversed  by  a  straight 
line  lying  wholly  in  the  surface.  Such  a  straight  line  is  called  a 
generating  line  of  the  sur&ce ;  and  the  surfisMse  may  be  regarded  as 
generated  by  the  motion  of  the  straight  line.  A  ruled  sur&ce  may 
be  cut  to  any  required  degree  of  precision,  by  the  successive  strokes 
of  a  tool,  each  stroke  being  made  along  a  straight  generating  line 
of  the  surface. 

The  class  of  ruled  surfaces  comprehends  the  following  different 
ii'    kinds,  amongst  others : — 

y  L  All  etraiglU  eur/acee:  that  is,  surfaces  ia  which  the  straight 
generating  lines  are  all  parallel  to  each  other.  Such  surfaces  may 
..>  be  either  plane  or  cylindrical;  the  term  cylindrical  surfaces  em* 
>  bracing  not  only  those  whose  transverse  sections  are  circular,  but 
'. :  those  whose  transverse  sections  are  curves  of  any  figure,  sudi  as 
\  the  acting  surfac(*s  of  the  teeth  of  spui^wheels  (Article  130,  page 
^'''.  120).  It  has  aheady  been  stated,  in  Article  38,  page  17,  that  the 
'•.V  bearing  surfaces  of  sliding  primary  pieces  must  all  be  straight 
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IL  All  eoniotd  surfaces:  that  is,  surfaces  in  which  the 
generating  lines  all  pass  through  one  points  The  tr&nsTtr>e 
sections  of  such  a  surface  maj  be  circular,  as  in  the  pitch-coo^  ui  ^ 
circular  bevel  wheel  (Article  105,  page  86) ;  or  they  may  be  c  £- 
circular  curves,  as  in  the  acting  sur&ces  of  the  teeth  of  such  i 
wheel  (Article  144,  page  143). 

in.  Hyperhoioidal  or  akem-hevd  surfaces:  in  which  the  str&lr.^ 
generating  lines,  not  intersecting  in  one  point,  traverse  a  serl^  : 
similar  transverse  sections  of  the  surfiioe.  Such  transverse  aecti  .- 
may  be  circular,  as  in  the  pitch-sur&oe  of  a  drcalar  skew-b^^-. 
wheel  (Article  106,  page  87);  or  non-dicular,  as  in  the  hc:2zz 
surfaces  of  skew-bevel  teeth  (Article  145,  page  146). 

The  Plavino  Machine  cuts  straight  surfaces  of  all  kinds;  &ri 
is  used  especially  for  the  cutting  of  plane  surfisu^es  to  a  cer...s_ 
d^ree  of  approximation;  that  is  to  say,  the  longitudinal  strm^^- 
ness  of  the  sur&ce  is  perfect;  but  the  transverse  straightneas  ;5 
approximate.  In  a  planing  machine  of  ordinary  oonstrocti::. 
there  is  a  fixed  horizontal  bed,  veiy  strongly  and  stiffly  support^  j  : 
its  essential  parts  being  a  pair  of  most  accurately  made  stra:^^:. 
parallel,  horizontal  guides,  of  a  Y-shape  in  cross-section.  In  ta  >e 
guides  there  slides  a  pair  of  straighty  parallel,  horizontal,  triang:il^: 
bars,  forming  the  supports  of  a  stiff  and  strong  horizontal  ^>'. 
having  in  it  several  slots  or  oblong  openings,  for  the  pnrpoese  < : 
enabling  the  uxn'k  to  be  secured  to  it.  From  the  two  sides  of  tie 
bed  rise  a  pair  of  standards,  canying  a  straight  horizontal  aad*^t 
that  bridges  across  the  table.  The  saddle,  by  means  of  stn^.c 
horizontal  guides,  supports  the  tool-holder,  which  has  a  transv^W 
traversing  motion.  The  sliding  sur&ces  of  the  saddle  and  tool- 
holder  are  usuaUy  of  a  dove-tail  shape  in  cross-section. 

The  cutting  action  is  effected  by  a  longitudinal  motion  of  d; 
table  canying  the  work:  the  gearing  which  communicates  tLi: 
motion  ought  to  be  extremely  smooth  and  accurate  in  its  acdoD . 
such  as  the  rack  and  helical  pinion  described  at  page  289  ;  and  in: 
pitch-point  of  the  rack  and  pinion  ought  to  be  as  directly  as  poesi''^  .* 
below  the  cutting  tooL    As  to  the  speed,  see  Article  482,  page  5^:7. 

During  the  return  stroke,  the  tool  is  lifted  dear  of  the  work. 
and  the  motion  of  the  rack  and  pinion  is  reversed  by  means  of  s^li- 
acting  reversing  gear;  such,  for  example,  as  that  mentioned  in 
Article  264,  page  299;  and  the  train  of  wheelwork  which  prod  at  e< 
the  return  stroke  is  so  proportioned  as  to  give  an  increased  sj^^^i 
of  motion  to  the  table,  usually  about  double  that  of  the  cuuii^ 
stroke. 

The  transverse  traversing  motion  of  the  tool-holdar  is  inter- 
mittent, being  made  during  the  return  stroke  of  the  table.  Tie 
combination  which  directly  produces  it  is  usually  a  transvt-r>e 
horisontal  screw  driving  a  nut  that  is  fixed  to  the  tool-holdrT. 
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The  screw  is  driven  by  a  suitable  train  of  wheel  work,  the  first  wheet 
of  which  is  driven  bj  a  click,  nsnally  of  the  reversible  kind 
(Article  194,  page  207).  The  extent  of  traverse  after  each  cuttins 
stroke  can  be  r^nlated  by  the  help  of  adjustments  of  length  m 
stroke  (Article  273y  page  312),  or  of  change-wheels  (Article  271, 
page  311). 

In  some  lai^  pkning  machines  for  very  heavy  work,  the 
catting  stroke  is  effected  by  a  longitudinal  motion  of  a  strong 
frame  carrying  the  saddle  and  the  tool-holder;  the  table  with  the 
work  being  at  rest 

For  cntdng  straight  surfaces  of  more  or  less  complex  cross-section, 
and  especially  for  cutting  straight  grooves  and  straight  rectangular 
holes,  such  as  key-ways  and  dots,  the  SLOTniiG-HACHiiiE  is  used. 
In  this  machine  &e  tool-holder  or  cutter-bar  usually  slides  verti- 
cally in  a  guiding  groove  in  the  dide-headf  which  is  carried  by  a 
strong  oyerhanging  frame.  Below  the  slide-head  is  a  table  to- 
which  the  work  is  secured,  capable  of  being  turned  about  a  vertical 
axis,  and  traversed  horizontally  in  two  rectangular  directions,  so- 
as  to  bring  the  work  into  any  required  position  relatively  to  the 
cutting-tooL 

A  SHAFiHO  XACHm  differs  from  a  slotting  machine  mainly  in 
having  a  slide-head  that  is  capable  of  being  turned  into  different 
positions,  so  as  to  cause  the  tool  to  make  s^kes  in  different  direc- 
tions when  required.  It  is  used  for  catting  ruled  sur&oes  of 
various  kinda  Circular  cutters  (page  568),  driven  by  suitable 
shifting  trains  (Article  228,  page  235),  are  sometimes  used  in 
shaping  machinea 

487.  flcmpiiis  PiBM  mmHkmm, — ^When  the  highest  practicable 
degree  of  accuracy  is  required  in  a  plane  surface,  its  form  may 
in  the  first  place  be  given  approximately  by  the  planing  machine^ 
but  it  must  be  finished  by  the  hand-scraper.  Scrapers  tor  iron  are 
usually  made  of  very  hard  steel,  with  edges  of  60^ 

When  an  existing  standard  plane  sur&ce  (or  pUmomder^  as  it 
is  sometimes  called)  is  available^  it  is  smeared  with  a  very  thin 
coating  of  a  mixture  of  red  chalk  and  oiL  The  new  plane,  in  its 
approximate  condition,  is  laid  fiu»  to  fiu»  on  the  standard  plane, 
and  gently  rubbed  on  it.  The  prominent  places  on  the  new  plane 
pick  up  the  colouring  matter,  and  are  marked  by  it;  and  thus  the 
workman  is  guided  to  the  parts  that  require  scraping  down.  The 
process  is  repeated  again  and  again  until  the  new  plane  fits  the 
standard  plane  with  the  required  degree  of  prcH^ision. 

Id  the  absence  of  a  standud  plane,  three  approximately  plane  cast- 
iron  plates  are  made,  stiffened  at  the  back  by  ribs.  One  pair  of 
those  are  taken  in  the  first  place;  and  one  of  them  being  smeared 
with  a  suitable  mixture,  they  are  repeatedly  rubbed  together,  sa 
as  to  mark  the  prominent  places,  and  hoik  are  scraped,  untif 
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they  fit  each  other  with  a  oertaia  degree  of  aoearacy.  At  this 
flrtage  of  the  process^  they  may  he  hoth  plane;  or  both  spherical,  and 
of  the  same  radius,  one  being  convex  and  the  other  concave.  Then 
the  two  plates  first  taken  are  compared  in  saooession  with  the  third 
plate,  and  the  operations  of  mbbing  and  scraping  repeated,  with 
the  plateii  combined  by  pairs  in  every  possible  way,  until  all  three 
plates  accurately  fit  each  other  in  every  combination  and  position ; 
when  they  must  necessarily  be  truly  plane.  This  is  the  process  by 
which  standard  planes  are  made;  and  when  a  set  of  three  have  been 
made,  it  is  usual  to  reserve  one  of  them  very  carefully  for  tes^g 
from  time  to  time  the  accuracy  of  the  other  two,  which  are  em- 
•ployed  as  standards  of  planeness  and  straightness  for  ordinary  use. 

488.  JHaktaa  tarfiicM  •f  Bet^tetlMi  —  Tvaii^.  Orilltaff.  a^ 
Ji«ria0< — A  tuming-Iathe  usually  contains  the  following  principal 
parts.  The  bedy  truly  plane  and  horizontal.  The  head-itodig,  or 
supports  for  the  axis  of  rotation  of  the  work;  one  fixed,  and 
the  other  capable  of  being  shifted  longitudinally  on  the  bed 
to  a  greater  or  less  distance  from  the  fixed  headstocfc,  so  as  to 
fiuit  the  size  of  the  work.  The  saddle^  which  slides  longitudinally 
on  the  bed,  carrying  the  res^,  which  carries  the  tool-holder.  The 
rest  has  longitudinal  and  transverse  traversing  motions,  usually 
produced  by  means  of  screws  and  nuts,  acting  on  slides  with  dove- 
tail-shaped straight  beanng  surfaces;  the  position  of  the  tool-holder 
is  adjustable  vertically  and  horizontally. 

The  longitudinal  traversing  motion  of  the  saddle  is  sometimes 
produced  by  a  pinion  driving  a  rack,  like  the  motion  of  the  table 
in  a  planing  machine,  and  sometimes  by  a  strong  and  very 
accurately  made  screw,  extending  the  whole  length  of  the  bed ;  the 
latter  method  is  used  in  screw-cutting  lathes.  Many  lathes  aie 
provided  both  with  a  guide-screw  and  with  a  rack-and-pinion 
motion  for  traversing,  either  of  which  can  be  used  at  pleasure. 
The  guide-screw  is  commonly  reserved  for  screw-cutting,  and  the 
rack  and  pinion  used  for  ordinary  purposea 

The  moveable  headstock  carries  the  sereuyspindle,  which  does 
not  rotate,  but  can  be  slid  back  and  forward  by  means  of  a  screw, 
in  order  to  adjust  the  position  of  its  point,  which  forms  one  of  the 
supports  of  the  work.  The  fixed  or  fast  headstock  carries  the 
lathd-apindUt  which  is  a  rotating  horizontal  shaft,  driven  at  a 
proper  speed  by  means  of  a  suitable  belt  and  pulleys;  the  speed  is 
capable  of  adjustment  by  means  of  speed-cones,  usually  of  the 
stepped  kind  described  in  Article  171,  page  185. 

The  journals  of  the  lathe-spindle  are  in  most  cases  made  slightly 
conical,  and  are  tightened  m  their  bearings,  when  required,  by 
means  of  screws  acting  endwise. 

The  ends  of  both  spindles  project  inwards  from  the  headstocks: 
hey  are  capable  of  being  fitted  with  various  contrivances  for 
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Bapportiog  and  holding  the  work.  The  screw-spindle  nsnally,  and 
the  lathe-spindle  sometimes,  is  fitted  with  a  conical  point  of  steel 
called  a  centre^  the  angle  at  the  point  rangiog  from  60°  for  wood, 
to  80**  or  90°  for  metal ;  such  points  snpport  the  work  and  keep  it 
truly  centred  on  the  axb  of  rotation.  The  lathe-spindle  can  also 
he  fitted  with  ckucki  of  different  sorts;  heing  discs  provided  with 
holes,  pins,  and  other  means  of  holding  the  work,  and  causing 
it  to  rotate  along  with  the  lathe-spindle;  or  with  a  mandril  or 
cylindrical  continuation  of  the  spindle,  on  which  wheels  and 
pnlleysy  and  other  pieces  of  work  having  eyes  in  their  centres,  can 
be  keyed  for  the  purpose  of  being  turned. 

A  chuck  in  the  form  of  a  large  circular  disc  is  called  Kface-pUUe. 
Some  lathes  have  face-plates  on  both  spindles ;  and  then  the  two 
spindles  are  driven  at  the  same  speed,  by  means  of  two  pinions  on 
one  shaft,  gearing  with  teeth  on  the  rims  of  the  face-plates. 

The  greatest  radius  of  the  work  which  can  be  turned  in  a  given 
lathe  is  limited  by  the  height  of  the  axis  of  rotation  above  the  bed ; 
and  the  lathe  is  described  as  a ''  twelve-inch  lathe,"  a ''  twenty-four* 
inch  lathe,"  Ac.,  according  to  that  height 

The  tool-holder  is  adjusted  so  that  the  point  or  cutting  part  of 
the  tool  is  exactly  in  a  horizontal  plane  traversing  the  axis  of  rotation^ 
The  direction  of  rotation  is  such  that  the  surface  of  the  work  moves 
downwards  at  the  point  of  the  tool,  which  accordingly  cuts  upwards. 

The  screws  and  nuts,  or  the  pinions  and  racks,  by  which  the 
traversing  motions  of  the  tool-holder  are  produced,  are  driven, 
from  the  lathe-spindle  through  trains  containing  ehang&-wheda 
(Article  271,  page  311);  and  by  means  of  these  the  velocity-ratio 
and  directional-relation  of  the  cutting  motion  and  of  the  traversing 
motion  can  be  adjusted  so  as  to  produce  the  required  resultant  or 
aggregate  relative  motion.  As  to  the  rate  of  traverse  per  revolu* 
tion,  see  Article  48d,  page  569. 

When  the  word  traversing  is  used  without  qualification,  it  gener- 
ally means  that  the  tool  traverses  in  a  direction  parallel  to  the  axis 
of  the  lathe,  so  aa  to  turn  a  cylindrical  surface.  When  the  tool  is 
made  to  move  in  the  direction  of  a  radius  perpendicular  to  the 
axis,  it  turns  a  plane  surfieuse;  and  the  process  is  called  surjaeing. 
This  is  very  often  the  means  used  of  making  a  plane  approximately! 
pTDvious  to  correcting  it  by  scraping.  By  combining  those  two 
motions,  so  as  to  make  the  tool  traverse  in  a  straight  line  cutting 
the  axis  obliquely,  a  conical  surface  is  turned.  When  the  point  of 
the  tool  is  made  to  traverse  in  a  circle,  one  diameter  of  which 
coincides  with  the  axis,  a  spherical  surface  is  turned.  A  hyper* 
boloidal  surface  might  be  turned  by  making  the  point  of  the  tool 
traverse  along  one  of  its  straight  generating  lines  (see  Article  84, 
page  70 ;  Article  106,  page  87). 

All  the  preceding  openttions  are  examples  of  cireular  turning, 
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in  which  the  point  of  the  tool  deacribea^  lelatiTely  to  the  work,  a 
circle  about  the  axis,  if  the  trayening  motion  be  neglected,  or  t 
helix  or  spiral  of  a  pitch  equal  to  the  traverae  per  reWatioiL  if 
this  component  of  the  motion  be  taken  into  aooonnt  In  voeiC^ 
turning^  the  point  is  made  to  describe,  relatively  to  the  vork. 
paths  of  various  other  kinds,  such  as  eccentric  circles,  elliptea,  ep 
cycloids,  and  arbitrary  curves  of  various  sorts.  Such  aggrt^"^ 
paths  are  produced,  sometimes  by  epicydio  trains  carried  bj  tk 
chuck  which  holds  the  work,  as  in  the  eoeenirie  chuck,  dliptuc^i 
and  geometric  ehwk;  sometimes  by  the  action  of  cams  or  8bLpe^ 
plates  on  the  tool-holder.  The  actions  of  subh  combiBattoiis  bn 
been  treated  of  in  Part  L,  Chapter  Y.,  Section  IV.,  pages  261  to 
267;  and  in  the  Addenda,  pages  290,  291. 

Drilling  and  Boring  may  be  looked  upon  as  modificatioiis  d 
turning,  applied  to  the  making  of  concave  sor&oeB  of  revoloti'^ 
and  especially  of  hollow  (r^lindenk  The  word  boxing  is  ^<^^ 
applied  to  both  processes  j  but  when  drilling  and  boring  are  dir 
tinguished  from  each  other,  drilling  means  the  maJdng  o^  & 
cyluidrical  hole  by  a  tool  which  advances  endways,  cottic: 
shavings  from  the  flat  or  conical  bottom  of  the  hole  (see  fig.  i^'^M 
and  hwing,  the  enlaigiog  and  correcting  of  a  hollov  cylindraaJ  ^' 
£ice  already  made ;  such  as  that  of  a  cast-iron  steam-engine  cjliiiii^ 

In  drilling,  the  tool  or  drill  usually  rotates  about  a  Ten^al 
axis;  and  it  is  veiy  often  driven  by  a  shifting  train,  carried  bv  & 
jib  or  train-arm.  (As  to  shifting  trains,  see  Article  228,  piges  i:^' 
to  238.)  This  is  in  order  that  the  position  of  the  drill  m&j  ^ 
shifted  to  various  parts  of  the  work,  xhe  train-arm  or  jib  proieTJ 
horizontally  from  a  strong  hollow  standard,  containing  the  verioii 
shaft  that  drives  the  shifting  train.  The  work  is  supported  bj  i 
table,  which  is  often  made  so  as  to  be  capable  of  b^mg  turcc^ 
about  a  vertical  axis,  and  shifted  horizontally  on  slides  in  ^^ 
rectangular  directions,  in  order  to  bring  different  points  in  ^' 
work  below  the  driU. 

The  feed-motion  is  given  sometimes  by  gradually  lowering  tie 
drill,  sometimes  by  gradually  raLsing  the  tabl& 

In  a  multiple  drUling  machine  (used  for  making  rows  of  holes  ia 
iron  plates)  a  set  of  dnlls  are  driven  from  one  shaft  by  means  d 
skew-bevel  pinions  or  other  suitable  mechanism.  The  feed  motioD  ii 
given  by  raising  the  table.   Theforms  of  drillingtools  are  vary  various 

In  a  boring  machine,  the  inner  surface  of  a  hollow  cylinder  a 
pared  by  means  of  one  or  more  tools  carried  by  a  euUerMf  ^^ 
cuUer-head;  being  a  cylinder  a  little  smaller  than  the  boHov 
cylinder  to  be  bored.  When  the  work  is  a  very  large  i^linder.  it 
ifi  usually  fixed;  and  the  rotation  and  traversing  motion  ars  bu'Ji 
given  to  the  cutter  head. 

489.  flcnwK^atiias. — ^Tho  operation  of  cutting  screws  is  ^^^ 
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fonned  in  a  lathe;  the  work  rotates,  and  the  tool-holder  is  made 
to  traverse  longitudinally  bj  means  of  tho  guid&^creio,  abeady 
mentioned  at  page  572.  The  nut  bj  means  of  which  the  guide- 
screw  drives  the  saddle  is  a  oUup^tU  (see  Addenda^  page  576): 
which  can  be  thrown  into  or  out  of  gear  with  the  guid»4wrew 
when  required.  The  guide-screw  is  i^uie  with  great  care  and 
precision.  An  ordinary  value  of  its  pitch  is  half  an  inch.  The 
▼elodty-ratio  and  directional-relation  of  the  motions  of  the  guide- 
screw  and  of  the  lathe-spindle  are  adjusted  by  means  of  change- 
wheels  to  the  pitch  and  direction  of  the  screw  to  be  cut,  according 
to  the  following  principles. 

_    Speed  of  Rotation  of  Guide-Screw   ^  Pitch  of  New  Screw  ^ 
Speed  of  Botation  of  iMhe-Spindle  ~  Pitch  of  Guide-Screw* 

IL  The  direction,  right  or  left-handed,  of  the  new  screw,  is 
similar  or  contrary  to  that  of  the  guide-screw,  according  as  the 
directions  of  rotation  of  the  guide-screw  and  of  the  lathenqpindle 
are  similar  or  contrary. 

490.  WhMM7aittaif^ — ^A  wheel-cutting  machine,  for  shaping  the 
teeth  of  wheeLs,  may  be  r^rded  as  a  special  form  of  the  shaping 
machine,  in  some  cases  combined  with  the  turning  lathe.  The 
whecd  to  be  out  is  fixed  on  mandrils  carried  at  the  end  of  a  rotating 
spindle,  mounted  on  a  head-stock.  Sometimes  that  spindle  acts 
as  a  lathe-spindle,  while  the  wheel  is  being  turned.  When  the 
pitching  and  too^-cutting  are  to  be  begun,  a  large  worm-wheel, 
permanently  fixed  on  the  spindle,  is  made  to  gear  with  a  tangent 
screw,  by  means  of  which  it  is  successively  turned  through  a  series 
of  angles,  each  equal  to  the  pitch-angle;  firsts  for  the  purpose  of 
pitching  the  wheu,  or  marking  the  pitch-points  of  the  teeth  on  the 
pitdi-cirde,  and  then  for  the  purpose  of  changing  the  position  of 
the  wheel  after  each  tooth  has  been  cut,  preparatory  to  cutting  the 
next  tooth.  The  figures  of  the  teeth  are  given  approximately  by 
castinff,  and  finished  by  cutting. 

Eadi  stroke  of  the  cutter  is  guided  so  as  to  take  place  along  a 
straight  line.  In  spur-wheels  tmtt  straight  line  is  parallel  to  the 
axis;  in  bevel  wheds,  it  traverses  the  apex  of  the  pitch-cone;  in 
skew-bevel  wheels,  it  is  a  generatinff  bne  of  the  hyperboloidal 
surfaces  of  the  teeth.  When  a  single  cutter  is  used,  uie  slide  in 
-which  it  works  is  guided  into  the  proper  positions  for  the  suc- 
cessive strokes  by  a  templet  shaped  like  a  tooth  or  like  the  space 
between  two  teetk  In  cutting  the  teeth  of  spur-wheels,  a  rotating 
circular  cutter  is  used;  and  the  form  of  the  cutting  edges  of  its 
teeth  is  the  counterpart  of  that  of  the  space  between  two  teetL 

The  cutting  of  worm-wheels  by  means  of  a  rotating  cutter  which 
is  a  copy  of  the  screw  that  is  to  gear  with  the  wheel,  has  already 
been  mentioned  in  Article  157,  page  166. 


576  APPEKDIZ: 

Addendum  to  Abuclb  263,  Page  298. 

Claa^ff «r« — In  oertain  macbine-tooUi,  the  traTeniiig  motioQ  of  tiie  tool- 
holder  it  produced  by  a  screw  which  rotates  about  a  tixed  axis,  and  driToi 
londtadiiiaUy  (as  described  in  Article  152,  page  157)  a  nut  that  fits  it  truly, 
withont  pindiing  it.  That  nnt  is  made  in  two  halTes,  capable  of  being 
clasped  round  the  screw  or  unclasped,  according  as  the  combination  is  to  be 
thrown  into  or  out  of  gear.  When  tJie  combination  is  about  to  be  thrown 
into  gear,  either  tiie  nut  or  the  screw  must,  if  required,  be  shifted  loogi- 
tudinally,  so  as  to  bring  the  threads  of  the  one  opposite  to  the  grooTes  of 
the  other. 

Addendum  to  Table  Y.,  Page  482. 


aneiiBlli  and  BiMUeity  •fSlIk 

Silken         Flaxen  

Thread.        Thieed.  TaniinOuiTM. 

Ultimate  tenacity— 

In  lined  feet  of  mateiial,     120,000      95,000     from  52,000  to  59,000 

In  metres, 36,600      29,000      from  15,900  to  i8»ooo 

Modulus  of  elasticity — 

In  lineal  feet  of  material,  3,000,000 

In  mHres, 914,400 

Addendum  to  Article  465,  Page  547;  and  A&ticlb  466, 

Page  549. 

Bmced  Mall. — ^The  description  given  in  Article  459,  page  539,  of  a 
braced  oonnecting-rod,  applies  also  to  the  general  construction  of  a  braced 
shaft.  The  object  of  that  construction  is  to  diminish  the  deflectian  and  the 
bending  stress  of  a  shaft  of  long  span,  throneh  the  support  given  to  the  sbaft 
at  the  middle  of  the  span  by  the  bracing.  The  following  ia  the  easiest  way 
of  computing  the  dimensions : — The  di«mieter  of  the  shut,  i(,  is  to  be  calca* 
lated  so  as  to  bear  safely  the  twisting  moment,  combined  with  a  bending 
moment  due  to  half  the  actual  span.  Let  e  be  that  half-siiaa ;  and  y  the 
length  of  one  of  the  arms  of  the  bracing  cross,  which  is  to  be  fixed 


to  convenience.    Let  -  be  the  safe  working  tension  of  the  bracing  rods,  in 

length  of  themselves ;  si^,  3,000  feet,  or  900  mHres.  Let  d  be  the  proper 
diameter  for  a  tension-rod.  Then  the  proper  ratio  for  the  diameter  of  each 
of  the  four  tensio&-rods  to  the  diameter  of  the  shaft  is  given  by  the  Ibllowin^ 
formula  ^— 

Sioc* 


d 

h 


{2«c"     \ 


The  tension-rods  should  be  tightened  by  means  of  screws  just  sufficiently  to 
prevent  any  perceptible  slackness  of  the  rods  which  successively  oome  upper- 
most as  the  uiaft  rotates. 


Additional  Authorittcs. 

DnrAictai  or  llAcanrasi—MoMle^a  Mtrhamia  ^SHffinw^. 

ComTBDcnov  or  lCAcnx».*— D.  £.  CUrk  Cm  tki  t».ibUadt  UmckUurp  ^  UO  (aptckUr 
'Wt  Iil.|  p>CM  128  to  21(9* 
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Addenda  to  Szcrioir  viii.,  Paqs  221. 

Tk«  Arf— IMIOT.  Thir  appIicaUoii  of  bydnolio  power  hai  boea  modi 
extended  of  late  3'ean^  and  etpcciaUy  with  raferenoe  to  madiiDO  tools.  Haohloet  for 
rivettlns,  iraodiiiig,  and  ■heaiing  boo  platot,  are  now  being  worked  hy  watet^ 
presaore.  Hcavj  loads,  such  as  swbig  bridges,  cnuNi^  boisUi  &c ,  are  also  readily 
oMnrcd  bj  h jdnnlfe  machinfry. 

like  pressures  used  are  very  bigfa,  and,  to  obtain  tbese^  reoonm  is  bad  to  an 

**  accumulator.**    The  aecumulator  is  on  the  principle  of  the  hrdranlie  press,  via. — 

a  movable  weighted  plunger,  raised  by  the  action  of  foros-pumpa.    The  movable 

part  can  be  loaded  with  what  weights  are  neoeeMuy,  and  raised  by  the  pressure  of 

the  water  forced  into  the  cylinder  in  which  the  plunger  works:  the  preseure  of  the 

water  will  then  correspond  to  the  load  which  it  supports.     By  means  of  a  sspamte 

pipe  leading  to  another  plunger  or  piston  connected  with,  say,  the  die  of  a  rivetting 

machine,  bydrealic  connectton  is  maintahied  with  the  cylinder,  and  thos,  when  the 

stroke  of  the  die  is  made,  a  comspooding  ihll  of  the  wdghted  part  also  takes  plaosh 

whereby  a  suddsn  expenditure  of  the  work  prsrionsly  aocamalated  is  brought  abooti- 

Variations  in  pressure  and  lengths  of  stroke  are  neceseaiy  for  diifermt  operatiooa ; 

in  riretting  madiJnes,  however,  a  load  of  5  tons,  having  a  fall  of  about  2  fcet, 

under  a  pnmp  pressure  of  1,500  lbs.  per  sriuare  indi,  is  sufficient  with  a  trevel  of 

die  of  24  inches  to  dose  up  a  rivet,  the  final  pressure  on  the  die  befaig  about  40  tons. 

Sydtaawlle  Baas.— By  means  of  the  hydnulie  ram,  water  at  a  low  head  may 
be  made  available  for  raising  a  portkm  of  the  same  water  to  a  Uglier  level  than  the 

'fbe  acUon  of  this  machine  depends  upon  utilising  part  of  the  energy  of  the  supply- 
water  in  doeing  a  heavy  daek-valve,  and  in  compressing  air  in  dr-vessds  connected 
by  dack-valves.  During  this  procees  a  loss  of  water  takes  pkoe,  as  the  doeing  of 
the  heavy  dack-valve  ie  dependent  upon  the  Increased  velodty  of  flow  due  to  this 
wasta  When  the  valvtsbnts,  the  outflow  is  stopped,  and  the  energy  of  the  water 
is  now  qient  in  compressing  the  air  in  the  air-veesda,  by  whidi  means  part  of  the 
water  ie  foeeed  upwards  through  the  ddivery-pipe.  As  the  vdodty  of  the  water 
has  now  been  leduoed,  the  heavy  clack-valve  Cells,  and  the  process  is  repeated. 

As  the  eflidency  of  such  a  machine  will  be  the  useful  work  performed  in  raleing 
the  water  above  the  neervofa',  divided  by  the  work  due  to  the  foil  of  the  water  run 

to  wastes  the  ratfo  %^  wQl  repreient  the  eflidency,  where  H  a  foil  from  reeervoir 

wt* 
to  nun,    A  a  height   of  delivery  above  ressrvdr,  Q  a  qnantitv  run  to  waste, 
q  a  quantity  ddl%*cred.     The  reeults  as  to  efficiency  dlflinr  oonsiderably,  depend- 
ing on  mfdmnism,  and  proportion  of  height  of  foil  and  height  of  delivery;  the  best 
results  eppearing  to  be  obtained  when  the  proportion  ie  ae  1 :  10 ;  the  eiffidency  so 

*A  Q  H 
eUahicd  will  be  about  *(,  and  eoosequeotly  g  «  -  -^  -  « 

Addendum  to  Article  262,  Page  297. 


adtac  hf  Balllas  Caalaet*— In  flg  218,  the  radii  A  D 
and  B  E  of  tha  two  smooth  wheele  to  be  connected  are  equal}  but  thoee  radii  may,  If 
leqabed,  be  made  unequal,  the  ceeentbl  condition  of  the  proper  working  of  the  oomlii- 
nation  bdng  that  the  angle,  A  C  B,  made  at  the  centre  of  the  intermediate  whed  I7  the 
two  Ifaies  of  eentiee,  shouki  be  a  little  less  than  twice  the  comploment  of  the  angle  of 
leposa    (See  page  S98.) 

2p 
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Addendum  to  Article  353,  Page  402. 

C««tbi««B»  Btskcs. — Gcmtiitiimis  brakes  are  now  laigdy  ia  oaa  oi  nlwif 
Bmb,  and  gnatty  fadlHate  te  rapid  atoppagt  of  tbe  traini  tfuoogh  tiK 
of  tbe  bfak*  nditaiioe  to  Um  wfaeeb  of  tbo  engiiie  and  to  tb»  wbecit  of  the' 
<inmpnring  tlw  traiii.  Yariona  finnn  of  aach  toakei  Itave  boen  tried;  the 
oMat  in  IkTOor  being  tiiat  in  whicfa,  throDgh  air  pwiue  acting  on 
imwhairfam  nndar  each  cairiage^  Ihe  bnke  bloeka  may  be  vppBed  with  npidky  to 
the  wlieela.  The  air  is  snl^lected  to  preirare  \ty  a  pomp  on  the  engine,  and  uMiejul 
bj  a  fbzlblft  and  easily  Jointod  pipe  to  tlie  pofnto  of  appliadion.  From 
esperiments  it  appears  that  the  greatest  retarding  fbres  is  obtained  when  tlK 
an  not  skidded,  bnt  Just  oo  the  point  of  befaig  kidded. 

Addendum  to  Abticle  393,  Page  457. 

MeolL — Stsel  is  mam  being  laigely  wed  te  engineering  popeees^  sack  ■ 
ehip  and  boiler  platm^  Ae.  This  steel,  as  at  present  msBnTactared,  lias  a 
atto^^  of  aboot  28  tons  per  square  hidi,  with  an  etongatisn  of  IStom  20  to  li  par 
?antL  on  a  leogth  of  8  iiMiies;  strips  ont  from  plates,  heated  to  a  cheny-nd,  and 
'esdied  in  water  at  80*  Fahr.,  can  be  boot  doable  without  breakii«.  Steel  wvt 
.appears  to  have  a  taosile  strength  of  flnm  80  to  100  tons  per  sqoare  inch. 

Since  the  safe  woridng  strength  of  plate  steel  is  now  recognised  at  equal  to  $4 
tone  per  square  indi,  it  may  be  expected  to  enter  largely  into  the  ririaiifiiMHan  of 
•bridges  of  luge  epaa,  aa  a  oonsldenble  aaying  of  weight  la  obtained. 

In  the  case  of  boilers  snbjected  to  high  pressures,  steel  may  be  used  wi^  aBEh 
adyantag%  aa  a  redootlon  in  thJulmiws  <$  the  plataa  may  be  effintsd,  aUowiag  of  a 
mora  nnUbrm  distribution  of  the  strafai  doe  to  internal  prasnm;  tlto  thinnsr  plate 
-will  also  more  readily  transmit  heat 

Addendum  to  Abticle  397,  Page  463. 


Fhaepkar  Brmrne.— This  metal,  an  rfloy  of  copper,  tin,  and 
found  to  possesa  a  high  tenaUe  strength  and  great  endurance  as  regards  wnar,  and  k 
being  used  principally  Ibr  bearings  and  maddiiery. 

The  various  strengths  of  thb  metal  appear  to  rary  greatly  according  to  the  pre- 
portions  of  materials  used,  hence  different  alloys  are  employed  fer  difEerant  daases  of 
work;  the  range  of  ultimate  tensile  strength  being  Ihna  SS,000  lbs.  to  57,000  fts. 
per  square  indi,  whilst  the  ultimate  corapreeeiTe  etnngth  Tsries  ftum  aboot  21,500 
Ibo.  to  45,000  Iba.  per  aqnare  inch. 

It  alao  appean  that  wire  made  of  this  matal  poaiBBses  the  quality  of  Ugh 
strwigihi 

MiKBgancae  Browse. — ^The  strength  snd  freedom  ttom  corroeiQn  of 
bronze  constitute  it  an  excellent  material  for  acrew  propeMere,  aa  bladea  of  Hfjkm 
section  can  be  used  than  are  required  for  sted. 

llie  tnnsverse  strength  appMii  to  be  about  double  that  of  gun-netal  and  stssl, 
and  ita  tensile  strength  Tarles  tnm  24  to  40  tons  per  square  inch. 

Abticle  309,  Page  348. 

Ftom  espsckDsnte  made  by  Capt  Douglas  Galton,  G.B.,  F.BJ9L,  ob  the 
brakes  upon  railway  traina,  it  appeen  that 
CI.)  The  retarding  efftet  of  a  wiieel  sliding  upon  a  rail  b  not  nnch  leas  than 


APPENDIX.  579 

T«ked  wHh  smk  a  fbree  m  wo«Id  joat  oltow  ft  to  eondima  to  nrolTe,  tlia  ditttnet 
ta«  to  flrietloii  of  Um  trliitl  oa  tht  nil  btiog  only  aboat  |  of  the  fiietioo  betwcM  tho 
vheel  aad  tliobrikolilocki. 

(2.)  Tbm  ooeAdnt  of  ftkOon  betwMS  tbe  brako  blodn  aiul  tko  whidi  variv 
avenaljr  acooidlDir  to  tho  ipeed  of  the  Irala ;  thos,  with  eut-tron  brako  liloeki  o» 
AeA  tin%  the  cooffieient  of  fHctloa  when  Just  nMmog  was  -330, 


AtlOmto 

V 

hoar -242 

,.20    „ 

„      192 

9*    "0       ,, 

„      164 

.,  40    „ 

„    i^o 

»*  50    ,, 

„    lie 

..eo  „ 

„     -07* 

FarUMTy  ^  wai  ftmad  that  thia  rotflinfnt  was  affected  hy  fioM;  thn^  starting  afe 
27  milca  psr  hoar,  tiha  oodBdeot  was  *171,  after  5  sacs.  'lOO,  altar  10  sacs.  'IIQ, 
after  15  aaes.  "OSl,  and  altar  20  aeca.  OtZ;  at  47  milas  per  hour  tiha  QoeffideDt  at 
utartiog  waa  '132,  fiiUmg  after  10  sees,  to  -070;  and  at  60  flailaa  per  hour  fidliM 
from  -072  to  -058. 

These  eoeffieieati  are  farther  hiiliieiioed  bj  material  aad  weather.    It  was  foiMid 

that  tha  distance  im  Iqr  a  tndn  on  the  level  at  50  miles  per  hour  varied  with  the 

percentage  of  the  total  weight  of  train  aaed  for  mtardaCiony  as  follows— with  5  per 

esDt.  555}  ydai,  lOpercant  277}  yds.,  20  per  cent  139  yds.,  30  per  oant.  92}  yds. 

The  author  pointo  o«t,  among  other  conditions,  that  a  perfect  eontinnoas  brake 

should  be  fitted  to  act  npon  all  the  wheels  of  engine  and  caniagei;  that  it  shonld 

azett  npea  the  brakes  of  each  pair  of  wheels  within  two  seeonds  a  foros  of  about 

twice  the  load  on  thess  wheels ;  that  the  brake-block  pressnra  ahonld  be  anch  that  the 

ftiction  between  the  bkidE  and  wheel  may  not  be  greater  than  the  adheaiftn  between 

the  wheel  and  the  nil;  and  that  the  action  ahonki  be  aatomatic,  hi  the  ewt  of  a 

arparatioo  of  tlia  train  or  fiilara  of  conneetkxia. 

Article  359,  Page  410. 


yariooa  forms  of  marine  engme  govemarsi  Donlop's 
poeomatie  governor  baa  been  found  TSiy  aarvioeable  for  compound  marfaie  engines 
In  thto  governor  the  controlling  power  Uea  in  the  level  of  tlie  watar  ontaida  the 
ship,  as  this  yariea  finom  time  to  time  with  the  pitching  of  the  yesaeL  The  appamtaa 
couiits  of  an  air  yeasd,  which  ia  placed  in  communication  with  the  aea  by  a  cock. 
The  air  becoming  oompraeaed,  the  action  ia  oommunicatod  to  the  governor,  which 
consists  of  a  ceaing  oontainiog  an  air-tight  spaoe  in  connection  with  a  pipe,  and 
flittd  with  an  india-anblMr  diaphngm.  This  diaphragm  as  it  rises  and  folU  (due  to 
ths  pranirs  of  the  air,  ss  acted  upon  by  the  yarylng  level  of  the  waves)  acts  upon 
a  fpriog,  which  communicatss  with  the  throttla  reive  by  means  of  a  link. 

Veed-watcr  hieinire  an  being  introduced  into  boUera,  with  good  nMilta  The 
priodpls  opon  which  theae  applianeee  depend  ia  the  delivery  of  tlie  Ibed-water  to  the 
boikr  ata  voifonnly  high  tempentore,  aoeh  as  200*  F.  and  higher,  and  thw  filing 
of  tbe  wat«  from  impurities.  Exhaust  steam  is  used,  and  in  some  cases  live  stsam 
from  the  boiler.  The  exhaust  steam  is  passed  into  tubes  surrounded  hy  tlia  Ibed- 
watar  conlsinsd  in  a  strong  caiing;  and,  altar  drculathsg,  paaace  ofll  The  water 
reeeives  w  much  heat  ftom  the  anrfacea  of  the  tubea,  and  ia  afterwarda  fttrtber  heated 
by  a  Qofl  of  pipea  aontainJng  live  ateam.  Any  matter  predpitaled  aa  a  dapoait  is 
raednd  in  a  filter  chamber  containing  charcoal,  and  the  water  thus  purified  and 
bflstad  peaai  to  the  boiler. 

IhMl  Ptidiira.— Of  late  yean  many  improyementa  have  been  made  bi  cooneothm 
nilh  tteam  boilen,  with  the  yiew  of  hicrsesing  the  economy  of  tbe  Ami,  and  thmuby 
reoderiog  tbe  boiler  a  more  eflldent  steam  generator.   Theloesdne  toenlarioB  ef  snr' 


hopper  ■r 


in  front,™ 


(urnsin.  Auoilier  mslbod  of  fad  ftcdii:, 
b  ctairgcd  upon  •  movible  truck,  wtiici 
flre-lurt;  the  frrah  coal  u  then  lift*]  by 
fuel,  mud  thiu  pvtiiJl;  cuket  beron  bci 
boanl  aome  tleam-Taaels,  aucb  •■  lOTpedi 

Article  l< 


TWiom  proceMet.     K)« 
oT  comaive  sablimiu,  in  me  p 
Iha  wood  being  left  ia  Iha  sol 
nm.    In  inolher  procaa  clilDrideof  i 
Ihe  limber  ia  >  cylinder  and  ipplviiig 
>  vacuum  in  the  ejtinder ;  by  Uiese 
"dead  oil,"  contiining  credsole  healei! 
20  Il».  iolo  tiiB  cylinder,  and  filli  np  i 
This  process,  howeitr,  varies  wilh  llje 
VflBh—Veatilitioo  of  Ihe  workin 
ftni.     Of  Ihew  there  an  »«riDuj  forri 
on  centrifoeal  aclion.     The  Giubal  f;i 
DOW  lai^lv  used,  end  has  been  desni 
ten  flit  bUdea  set  bicki 
Tided  (viih  a  rrfvuTating  abutter  at 
tB!;e  is  Dbtaidnl  trom  the  addition 
a  form  enlarging  outvarda 


elnlmt 


The  Giubal  fani,  runnine  about 
30  feet,  give  about  100,000  cubic 
diameter  at  the  same  speed  give  as  ni 

Where  tba  pits  are  vary  deep,  fi 
econoiiiical  than  [am,  as  much  as  f 
minute  having  been  obtained  by 


li™olly,eitlen«™  hydraulic  anan-viM'^l^ 

h.>..been.          « 

1600  galla-pcr  minute  bad   to  be  rji,..!   f 

vm  .  mine            ' 

delivered  at  a  point  800  feel  above  Ih.^  1.  Hm 

,>f  Ihq  Shafl.  , 

The  arrangement  consiau  of  a  aleani-.n-in 

,  «ith  paoipa  . 

anffoce,  which  foreoi  water  down  to  n  )ndr 

olio  engio.  pla. 

.h.ft;  lb.  latter  acta  upon  pump,  by  "lii.h 

he  water  bakrai^ 
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«r 
is  «r 

fkiiMitwith. 

IB  tUi  anvfMMt  tk« 

tbtaotkDoftbe 

11^  1  thowi  tht  appl^ifinn  of 
V%p.  SlOBniM«DslDCi(«ep«ge583). 

A  Bak.  L  (m  Fig.  IX  wbon  extnoiitMi  wan 
and  to  ft  ndtas  bar,  B,  bat  ft  kvcr,  S»  attadMd  tt 
fa  a  abC»  8k  aarvad  to  tba  ndiaaofa  luk.  K,  vL 
lavarwiA tha vain apindla,  Y.  ^a.t«:' 

Tba  alal  caa  ba  taraad  or  loCafted  ao  aa  to  sefoa  as  aicbv ■^>**|  ^ 
win.  Bj  girbig  tbe  dot  Qian  iBdined  poritiaH^  ivrad  ar  had:^  ^^ 
tba  engine  are  obtafaied.  .  ^ 

In  aoma  catet  tba  ilot  is  dispensed  witb,  and  tba  fnlovB  of  ibe  Vrff^  ^  /^ 
aradinsrod.   Tbe  patb  of  tba  osntra»  or  flllcran[^  in  tbia  eaae  can  be  ibibk     ' 

ofaweigbIemandbandwbeei(8eeV!g.2).  ^     ,,_^* 

One  great  adranlage  of  tbis  fonn  of  valTO  gear,  when  appW  •jT^  r 
tbaC  tba  aUda-val^  can  ba  placed  on  tbe  fop  of  tba  cyliirf«»  Si. 
ajlindaii  and  graalar  bearing  aorfaees  for  tba  driTing  axks  <*^^,-, 
adrantaga  appcaia  to  ba  tbat  U  givea  four  points  of  aoodwtfft»  '^iL^ 
tctardation  in  tba  atioka,  tbeae  points  of  accataatku  cofnapon*»g.**?7^:^ 
<*admiarioa"  and  of  •*cnit-off ;"  and  by  tbis  pccoBnicy  »*  oalj  "^..^ 
fPJ  tbe  cat-off  ezeanted  very  mucb  more  smartly  tban  by  Bak,  *^  '*Vv  ^ ;, 
aocQia  aaOBawbat  Ular  and  the  eonpresaioo  very  modi  lata;  and,  «*«»* 
«a  Independent  aspanskn  TalYO  b  nnwnwiwBiy. 
Tba  dotted  Uaea  bi  Fig.  I  abow  tbe  paths  of  tibeTarioM  entitle 


Abticlb  381,  Pages  440-447. 

-,JS!*J*  '■••iwaya. — Cable  tramways  have  now  been  n«*  •* 
'^'**™  "jw*  of  the  laiga  dtlee  hi  tbe  United  Stales.  .;; 


wnwiianaMttliw 

Tlup^tli  tSeoMlM  tba ^i "::  a. 


IS? J2?  I^  "^  **»*»>»  ~  *»  to  be  est  bi  inSoi    ttowT 


•  «-' 
Illy  -I|-^~  iZTI^  '"T"  *^  «»  M  w>  »  "I  »  aBotisa.    ^^*2^t 

_     Tba  ak^  ^  "_**  ~  ""^^  ^  wrt  laf  ^^  ^ 

tba  ropa»  and  pattir  ^•■aw^  iba -gt^»  l#di**"» 

InChicacoab«  ,., .  .,y," 

'■ M  liUda««,a«itf^ 
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Tht  dbiiMUr  of  a  cnnk  ahaft,  in  tenni  of  tka  indioitai 
•zpnMed  o  fDUoirt: — 


-y 


LH.P.  X  100 


WlM*  tfgJiiMitircf  abaft  in  inolM^  and  Hsnmbcr  ofuvulnlkui 

Abticls  240,  Page  253. 


▼■1v«  Ctcar  Mmdmmm, — ^Ynrioiia  fonns  of  link  motion  lict*  bean  ^aviaad  witfi 
Aa  Tiew  of  obtainbg  tiia  neoaaaaiy  redprocating  motion  of  tiM  valTa  vithont  tha 
inlanrantion  of  aooentriok  Ono  of  thaea^  known  aa  Jqy'a  val^  ipear,  atyaau  to 
amy  tUa  ont  with  gnat  pradBioD. 

In  tida  amnfamant  tbo  aoeantrie  ia  dono  away  with,  and  tlw  nenaaaarj  amffcmant 
obtainad  fkam  &  motion  of  tha  cionnfioHag  rod  itaelC 

fl^.  1  abowa  tbo  application  of  tbto  anangamant  to  looainortaa  anpnoi^  and 
F|g.  2  to  marine  enginaa  (aaa  pago  583). 

A  Bnk,  L  (aaa  Vig,  I),  wboae  oztnmitiaa  an  aaennd  to  tha  *»*-— «><»ig  woA,  C, 
and  to  a  ndina  bar,  B,  baa  a  lercr,  S»  attacbad  to  it»  wboaa  oantn  or  Inlcnm  woffci 
la  a  dot»  8k  onrred  to  tba  ndina  of  a  link,  K,  wbieb  ooBneta  tho  otfaaraaidof  tbi 
lavarwItbtbaTaiTaapindlo,  Y. 

Tba  aiaC  ou  ba  taraad  or  rotated  ao  aa  to  indino  on  altbar  aida  of  €ba  Tcitieal  at 
will.  By  giving  tbo  dot  t|Maa  indbiad  podtiona^  forward  or  Ladkwaid  awtiona  «f 
tba  engine  an  obtained. 

In  aomo  caaaa  tba  alot  ia  diapenaad  witb,  and  tba  folennn  of  tba  krer  ia  cairied  by 
andinarod.   Tlio  patb  of  tbo  oantrai  or  fnlcnun,  in  tbia  oaaa  can  be  abiftod  I7 
of  a  wdgb  lover  and  band  wlied  (aea  Fig.  2). 

Ono  gnat  adranlage  of  tbis  form  of  valya  gear,  wben  applied  to 
Ibat  tba  dido>valfa  om  ba  placed  on  tbo  fop  of  tba  cylinder,  and  tboa  laigcr 
cyliadan  and  graaftar  bearing  anrfaeea  for  tbo  driving  azlea  obtained.  Anolbcr 
advantago  appean  to  ba  tbat  It  giv«o  fonr  pdnta  of  aoodaration  and  ter  poiata  of 
Ktaidation  in  tho  atnka,  theae  pdnta  of  accderation  oormponding  to  the  pointa  of 
''admiadnn"  and  of  **ent-off;*'  and  fey  tbia  peenUarity  not  only  ia  tha  admWon 
and  the  cnt'Off  ezaanted  very  mudi  mon  amartly  than  by  Bnk,  bat  tha  '*  rdaaaa** 
aeenn  aoBaawhat  lalar  and  the  eonpnaalon  vay  mocb  later,  and,  aa  a  vaaalt  of  tbi^ 
an  independent  axpanann  ▼ahro  ia  nnneeeaaaiy. 

The  dotted  Uam  in  ng.  1  aimr  tbo  patba  of  tiie  Tariooa  oantm*. 

Abtiole  381,  Paoeb  440-447. 

Cnhia  Tamaawmra.^— Cable  tramwaya  bave  now  been  need  with  aoeoaadU 
nanlta  hi  aome  of  tba  hige  dtlea  hi  tha  United  States. 

In  San  ftandaoo  an  andlem  ated  win  rope,  8  indiaa  In  circnmliBnnoe  and  11,000 
ftet  long,  ia  anpported  on  abeavea  11  indMa  fai  diameter,  placed  39  ftet  apei^  tba 
whale  Ivh^  In  an  Iran  tnba  planed  between  the  oar  ralla  and  beneath  the  ranteay, 
te  which  OB  Opening  of  abont  one  Inah  wide  ia  left. 

Throngfa  tUa  opMfaig  the  oomefllion  between  tba  ear  ia  made,  andoonebla  of  ae 
wbidi  gripe  tlw  npe  wben  the  oer  la  to  be  aet  in  motion.    The  repa  la  kipc 
itly  gibig  by  meana  of  a  powaribl  ateam^engina.     AdditioMa 
anengad  at  dtatnffn  of  dbreetien  of  the  repa. 

The  npe  paaem  roaad  grip  poBqw  at  the  angfaM-boaaa,  8  ftat  hi 

The  can  an  aaM  to  ba  mora  oaaBy  etartcd  and  bronght  to  nrt  than  whaai  drawa 

Ijhaiaaa.    The  atappnga  li  dkelad  by  allowfaig  Aa  •* grip  "  to  daakan  Ha  held ef 
the  repOi  and  potting  on  the  brakea. 

In  Chkago  about  4  mike  of  tbeaa  tramwaya  an  laid  down,  aomo  of  the  npea 
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Absoldti  unit  of  fiom,  tl8L 
AoedentioD,  830. 

y«  —Work  of|  Bo%m 

Aeenmiiljitor,  677. 
Action  and  ra-action,  816L 
Aetoal  ODBigT,  878. 
Addendum  m  a  tooth,  118. 
A4jnttm«ntf  in  mechiinitai,  888. 

ofsDMd,  80, 185, 810-818. 
of  ilTCka,  810-812. 
~  InataoMi  285. 
paftfai,  289, 261,  29L 
Air— Friction  of— in  wpai,  40i. 
„  — TnuMBuakm  of  motire  power  bj, 
448. 
Allan*!  link  motioB,  267. 
Alloyi,  461. 

Alamminm  bronse,  468, 477. 
Angle  of  rspota,  211, 298,  849. 
Angloa  of  tools— Cutting,  666. 
Angular  Telocity,  24. 
Appnaeh  ofte^  118. 
Aroa— Meararamant  of,  27. 
Azis-Fized,  24. 
„  — Inatantaaaoua,  46. 

„         of  a  rolling  bodr,  61. 
-Neutral,  612. 
„  — Tenporaiy,  46. 
Aziea  and  shafts— EiBcieBer  of,  427, 481, 
488,449. 
„   ^Friction  of^  896. 
M   —Strength  0^  64flt,  848. 

lUBBin'a  metaL  464. 
Back-laih,  116. 
Badiofa  tooth,  116, 182. 
Balanw  of  a  maeUno,  866. 

„      of   ailbrt  and  resistance,    870, 
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^      — RuBBing,  868. 

„      —Standings  868. 
Bali-and-soeket  joint,  192. 
Ball  dack,  808. 
Band-link.  218. 
Bands— Claieed,  179. 
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— Conueetten  bj,  180« 
^Defloetifla  at  684. 
— EtBdener  oC  440,  447. 
-Frietioa  ef^ttl. 
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Bands— Length  of,  183. 
„    —Materials  for,  474. 
„    —Motion  of,  74, 184. 
„    — Strength  of,  682. 
„    with  dicnlar  pulleys,  182. 
„    with  polTgMiu  puUeyi,  182. 
Bannel  pulley,  187. 
Beams— Bending  action  on,  604. 
„     — Deflection  ct  617. 
,,     fixed  at  the  ends,  621. 
in  linkwoik,  192. 

—Longitudinal  aections  of  uniform 
strenjgth  for,  617. 
„     — Resiheoce  of,  621. 
—Strength  oL  618. 
—Streogth  of  walking,  667. 
Bc«ring*pic8nire|  428. 

„  — IntandtT  of,  860. 

Bearings— Dimendons  of  busncs  and  plum- 
ber bfeeki  for,  662. 
—Forma  of,  17,  868. 
—Friction  of;  868. 
— LubrioatioQ  of,  860. 
—Materials  for,  462. 
Bellbwt— Motion  ot,  226. 
Belt— Fhit  drivhig,  184. 
—Motion  oC;T4. 184, 
„  -Stnngth  of,  474,  682. 
„  with  iut  and  looae  noDeys,  184. 
„  with  speed  ooncBk  185u 
Bendng  momsnta-GalcnUtSon  of,  606. 
Bending— Moment  of  rarirfanoa  tei  610. 
618. 
— Beaistnee  tOL  60^ 
Beral.wheels,  82,  86. 
Blocks  and  tackle,  214. 
Block.bnka,  40L 
Boiler  fluea— Strength  of;  626. 
.,    shells— Stre^i^  of,  494. 
Bolts— DiroeuMns  and  strsi^  of,  499l 
Bonnet  valre,  808. 
Boring,  674. 
Brsoed  ahaft,  87& 
BraQkst,62L 
Bndna,400. 

„      -Bloek,40L 
„      — ContiBMUa,  678. 
—Fan,  406. 
-Flexible,  402. 
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Brikti— Pnmp  or  liTdraiilM,  404i 

Bnn,  462,  477. 

BnasM,  462,  5b% 

Kritiib  and  French  munxm,  679. 

Broach,  561. 

Broote,  46S,  477,  57flL 

Bnlkincn,  825w 

Baahci»  18, 55% 

Cam  and  pin,  170. 
Cam-motions  in  torning,  291. 
Camii  170. 

„     —Rolling,  99. 
,;     ->  Spiral  and  conoidal,  174. 
„     — ^To  draw— bj  areolar  area,  171. 
Capatan,  190. 

Castings— Iron— for  machinwy,  458. 
Cast-iron,  451. 

-^■Malleablo,  458. 
—Resilience  of,  485. 
—Strength  o^  458,  477,  479, 
481,  466. 
„       — ^Toola  for  catting,  567. 
Cataract,  404. 
Catch,  206. 

„     — FVictional,  211. 
Centra  of  a  enrved  line,  886. 
„     of  a  plane  area,  884. 
„     ofarolnme,  886. 
, ,     of  booyanej,  829. 
„     of  gravitj,  828,845. 
„     of  magnitude,  884. 
„     ofma8s,828, 845. 
ofpercDStton,  861. 
of  pmanro,  829. 
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of  nedal  figores,  886. 
rngal  oon 


11 

M 
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Centrifngal  ooapka,  866, 868. 
forae,  880, 864. 
foroe— Balanee  of,  868. 
Ibroe— Resoltant,  865. 
tension,  441.  582. 
whirlinffofahafks,549. 
Cbama— Gearing,  190. 
„     — Motion  of,  74b 
„     —Strength  of,  M, 
Change  wheela,  811. 
Changing  speed,  80, 185, 810-813L 

,,       a&oke,  8i0*812. 
Chilling  cast-hnon,  458. 
Chnck,  574. 

Cirdo— InTolnta  of,  58, 56. 
„    — Projectiona  oL  15. 
Circolar  aggregate  patba,  261. 
„      area— Mea»nr«aieBt  of,  27. 
^      berel  wheela,  86. 
„      pnUcyi,  181 
„      akew  bevel  whedi^  87. 

1.      ■?"•  7l»Sf«i «. 
„      whte!^  84. 

Claap-nnt,  576. 


n 


Clearanee  of  teeth,  118. 
Clearing  eorres  ef  teeth,  128. 
CUck,»)6. 

— Doable-acting.  209. 
— FrictionaL  2U. 
„     — Si]ent,m 
Clateh,  295. 
Coeka,806L 

Co-effifiKOt  of  elastidtj.  492. 
„        of  friction,  819. 
M        of  steadineaa,  362." 
,,        of  strength,  488. 
Cog—Hnnting,  104. 
Cogs,  104, 478. 
n     —Strength  ot^  558L 
w     —Wooden,  478. 
Coibipeing— Resistance  to,  525b 
Collar  for  plunger,  221. 

„     for  shaft,  853. 
Comb  for  acrew-cntting^  668L 
Combinatioaa— Aggregate,  285. 

„         — Ekmenteiy,  77,  80^  481 
Common  meatare— Creates:,  106b 
Comparatire  motion,  22. 

„  «i       in  elementary  esrnb- 

natiooa,  78. 
M  N       In  rota^  pieces,  81, 

points^  82. 
Componcnti  819. 

motiooa,  18i 

Telodtiea  in  •  letatiog  jk9, 
88. 

CompentioQ  of  forces^  819. 
„         of  motion^  18. 
n         of  rotation  with  translatMai 

51 
„         ofrotataona,54b 
Compoond  acrew,  241 
Compreasioa — LongitadinaL  521 
Conee— Pitch,  86L 
n    —Rolling,  68, 73. 
:    -SpSriS 
Gookal  TalTS^  801 
Connected  pdnta— If  otion  of,  81 
Connccting-Tod,  191 197,  449. 

„  — Eflect  of  obliqei^  d, 

449. 
M  —Strength  of,  524, 587. 

ConnecuoB— line  of,  82,  77. 
Continnoos  brakca,  571 
Contraction  of  east  iron,  454. 
Copper.  4€L 
Copj-piate,  291. 
Cofdi-Motioo  of,  180. 
„  — Pnlleja  lor.  187. 
„   --Stnaph  of,  475. 
Convetai  of  iroo,  461. 
Cettafl»~Strength  of,  491 
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Comtflr-eiBdeneT,  877,  4tt. 
Counter-wheeb,  286. 
Coapled  ptniUel  shafts,  44, 194. 
CoDpla^  821. 

„      — Centrifnga),  865,  868. 
„       -SUtieal,  821. 
Coupling— Cirenbr  bslf-lsp,  ft52. 
n      — Dimensioiis  of,  682. 
—Double— Hookers,  205. 
—Dnc  link,  194. 
— Hooke-and-Oldham,  206. 
•-Hookers,  208. 
— OldhamV  166. 
„     —Pin  and  slot,  167. 
„      rod,  192. 
Crank  and  beam— Motion  oi;  196. 
„     and  piston-rod— Motion  oJf|  196L 
„     and  slot,  167. 
„     in  linkwork,  192. 
„     rod,  192. 

„     — Streogtli  oi,  557. 
„     -Z,  272. 
Crushing  bj  bending,  524. 

—Direct— BMi«tanee  to,  522. 
Cnnratore,  518. 

Canred  lines— Measnremsot  of,  28. 
Cotter— Cireolar,  568. 
Cnltini;  tools,  559. 
CTdoid,58 
CjUnder-FIezible,  226. 

.,     — HTdranUe,  221. 
Ciliodcrt-HoUow,  494. 

— Besistanoc  to  bnnt* 

ing  of,  494,  495. 
— Resistance   to   ool* 
lapeing  of,  525. 
CyBndeii-Pitcb,  88,  85. 

-BolUng,  58,  56,  78. 
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Dash-pot,  404. 
Dead-beat  escapement,  179. 
Dead  points  in  linkwork,  198!. 
„  of  cam,  178. 

„         of  pin  and  slot,  168, 169. 
Deflection  of  bands,  584. 
of  besnis,517. 
of  shafts,  545. 
of  steel  springs,  886^  889. 
DensitT,  825. 
Deriating  force,  880,  868. 
Diametna  pitch,  111. 
Diibentiaf  imllcx,  240. 

M        narmonie  moUoni,  260. 
Disengagements,  294. 
Diicng^gement  bj  a  dasp-nnt,  576. 
by  a  dntch,  295. 
by  hands,  184,  185,  188, 

299. 
br  fast  and  loose  pnllers, 
184. 
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Disengagement  bj  friction-cones,  sectors, 

and  discs,  296. 
by  linkwork,  299. 
br  smooth   wheels,  297. 
577. 

n  hj  teeth,  298. 

n  by  valves,  SOI. 

DonUe  beat  valve^  808. 
Drag-fink,  194. 
Drawings  of  a  machine.  5» 
Drill,  566. 
Drilling.  574. 
Driver,  77. 
Driving  point,  28. 
Dram,  187. 

Dynamics  of  machinery,  815. 
Dynamometer,  882. 

—Friction,  888. 
— Integrstmg,  891. 
—Rotatory,  886,  446. 
— Torsion,  887. 
—Traction,  888. 
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ECCBNTRIO,  197. 

glaring,  247. 
puUeya,  188. 
rod,  192, 197. 
Effect  and  power,  878. 
Eflidency  and  ooanter-effiden^,  815,  876^ 

422. 
Efficiency  of  bands,  440, 447. 

ofblock  and  tackle,  448. 
of  floid  connection,  444. 
of  linkwork,  442. 
ofa  machine  815. 
of  primary  pieoe«,  428. 
of  rolling  contact,  486. 
of  a  screw,  438. 

of  a  shaft  or  axle,  427, 433, 4 19. 
of  a  sliding  pieee,  426,  487. 
of  teeth,  488. 
Effbft,  816, 868. 

„     — Aooeloating,  871. 
„     and  reiistsnwi    Bslsnce  of,  870, 
875. 
Elasticity,  492. 

ft       of  spiral  Barings,  889. 
Elementaiy  oombsnauons,  77. 

dassed,,80.S?9. 
„  „  ^Efficiency  of, 

486. 
EUipeet  traced  by  the  trammel,  267. 

„  ft     by  rolling,  266. 

Einptie  pnlleTS,  189. 
„     wheels,  95. 

„  „     — Inrolvte  teeth  for,  292. 

Energy,  870. 

„     — Actnal  (or  kinetic),  878. 
n     and  work—  Geasnu  equation  of 
878. 
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Energy  exerted  and  work  dai«— EqaaSty 
0^  870,  875. 
„      — Potmtutl,  870. 
„      stored  and  restored,  873,  375,407. 
Engaging  and  disengaging  gear,  294. 
Kpicyclic  train,  243,  246. 
Epicycloid,  56. 
Epicycloidal  teeth,  130. 
Epitrochoid,  66,  262,  290. 

„         traced  bj  rolling,  262,  290. 
Escapements,  175. 

„  — Anchor  recoil,  177. 

„  —Dead-beat,  179. 

Expansion  of  iron,  325,  464. 


Face  of  a  tooth,  115. 

Factor — Prime— >of  a  nnmber,  105. 

Factors  of  safety,  488^  645. 

Falling  bodies,  380. 

Fan-brake,  406. 

Fan  governor,  421. 

Fastenings — Strength  of,  497. 

Feed-motions  in  machine  tools,  293,  569. 

Flank  of  a  tooth,  115. 

„    circle  of  teeth,  128. 
I'laxen  fibre— Strength  of,  576. 
Flexible  secondary  pieces,  74. 
Floating  metal,  454. 
Flnid  secondary  pieces,  75,  221. 
Fly-wheels.  361,  407,  409. 
Follower,  77, 
Foot  poonds,  888. 
Force — Absolote  iniit  of,  818. 
„    — Accelerating  and  retarding,  829. 
„    and  mass — Measmres  of,  818. 
„    — Centrifagal,  830,  364,  868. 
„    de  cheral,  838. 
„    —Deviating,  830,  868. 
„    — Ordinary  units  of,  317. 
„    — Reciprocating,  374. 
Forces,  816. 

„     — Composition  and  resolntion  of, 

319. 
„      -Parallel,  322. 
Fractions— Continued,  106. 

„       —Converging,  108. 
Frame,  17. 

Tramcwork— Straining  actions  on,  580. 
Freedom  of  teeth,  116. 
French  and  British  roeasnres,  679. 
Friction,  848. 

clutch,  296. 

—Coefficient  of,  849. 

cones,  296. 

couplings   and   diMDgagementa, 

296. 
discs,  296. 
dynamomstor,  888. 
—Heat  produced  by,  854,  899. 
in  machine^  351. 
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Friction — MeBSiHWiMnt  tt, 
of  air  in  pipes,  404. 
of  a  faaiM,  8U. 
of  axles,  896. 


of  pistons  and 

ofpivBta,S». 

of  water  in  pioH,  404. 

— RntataMB  ol,  848. 

sectora,  296. 


399. 
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99 
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91 
99 
99 

\l      — TaUe  of  eo-cffideots  ef.  349. 
,^       —  WorkdoDO  against,  353. 


Friotional  catch,  211. 
gearing,  lOS. 
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Gbar — Dinngaguv  and  i^cngagBgi  *9I. 


»f 


>9 
91 
91 
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91 
II 

99 


Gearing  chains,  190. 

— Frictional,  101. 
— Intermittent,  139.  286L 
—Screw,  167,  163,  289,  439. 
—Slide  valve,  263. 
-  Toothed,  114. 
Centra  stop,  2^ 
Geometry—  Descriptive —  Elemcntaiy  n^a 
in,  3. 
of  machinery,  8. 
— Rules  in— relating  to  pta**"  *• 
— Rules  in— relating  to  atrxziu 
lines,  6L 

Gibs  and  cottars — Stmnfrth  of,  499. 
Gooch's  link  motion,  255. 
,410. 

— Balanced,  or  spring,  41& 
—Bellowa,  421. 
— Diffncntial,  420. 
— Disengagement,  419. 

—  Fan,  421. 

— Fluctuations  of,  41& 
— IsochroDons  graritT,  4ll> 
—Loaded,  413. 
—Loaded  parmbolk,  41& 
—Parabolic,  414. 

—  Peodalnm,  ill. 
— Pamp,  421. 

Grasshopper  parallel  motion,  t75, 
Gravity,  316. 

—Centra  oE,  828,  345. 

—Motion  produced  by,  99^  95 

—Specific.  825. 
„      — Table  ot  ^tdfi^  8ttL 
Grease,  850. 
Gndgeons,  18,  5461 

„        — Strengtli  e^  541« 
Guide  pnDcys,  188. 
Gyration— Bndiia  o^  859,  514. 

table,  860. 
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Habmosic  motion,  266. 

— Straining  efleH»  of,  5?9- 
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H«ttoflnction,  854, 
HeaTinesa,  825. 

— TaUt  <  826. 


HeiffhU  dae  to  Telootie*— Tabto  o^  881. 
Helkal  moUon,  86. 

I,         |(      —  BawntMHi  <n|  6«L 
,,     teeth,  156. 
H<Uz,88L 

,,    ^Nonml*  41. 
ma«— Baw— belte,  474. 
Hook^  eoPDltef ,  208, 265. 
Hooke-uid-Oldlian  eoopHng,  206. 
BoffW-powv,  889,  878, 893. 
Hiiiitmff<co^  104.^ 
Hy&mJifi  ooDiiifltMD,  221. 

M  M       --GompantiTeTelo- 

citiM^228. 
^EflciMMST  o£  444. 
„  ^        — !Btaiiiitt«it,224. 

Hydnmlio  eylinder:  221. 
Hydnmlio  pras,  225, 881. 

„  „      -Stitngth  Qi,  495. 

HTannlic  Bam  JS77. 
Byperboloidt— r!tch  of,  87. 

,.         -BolKDg,  70,  87. 
Bjpocycloid,  or  intonMl  opkjehM,  66L 

856. 


Joint— DonUe  nnifwid,  205. 
„   — Uiih«naL208. 


Indined  plme,  282, 88L 
IndieatM  power,  890. 
Indicitor,  890. 

,,       diicrain,  892. 
Inertia^lf  oment  oft,  860,  511. 

„     'Seduced,  862. 
luide  getiisg,  85, 117. 
IraUataneoDS  axis,  46, 5L 
Intenmtteoft^Miin^  189, 2ML 
InToloto  of  Gtrde,  58, 56. 
„      te•U^  120. 29L 
Ir«o,450. 

„   -Bar,  455. 

„   -Cart,  450, 451. 

„  — CoROMk  oil^  461. 

„   —Expansion  e^  885, 454. 
forslnfi^  456. 
— finpontica  ot  451. 
—Kinds  of,  450. 

"   — If  aUeable,  or  moo^  450,  455. 

Z   — If  aUeable  cMt,  45Z^ 

Z   -Pifr451. 

„   -PSte.455. 

„   ~  Preterrttion  of,  460. 

„   — BeiiUenee  of,  485. 

!;   —Steely,  457. 484. 

;!   -StfeuUi  a,  458,  456,  489,  ATT, 
4797481, 482L 

„   — ToolafbreattiBc,55t. 

J,   —Welding  of,  45^. 

Jaoqiuamd  books,  800. 
Joist— Ball  and  soGkeCi  192. 


9t 


Joint-pins  and  frstaningii— Strength  e( 

497. 
Jointa— gfartpgth  of  rivetted,  496. 
„       Strength  of  welded,  495. 
Jonmals,  18. 
Jovnals— Friction  o^  858. 

M     "^Strength  and  ^«[**^t'w  of,  541. 
544. 

Kbts— Strencth  of,  497, 4£9. 
Kilogramme,  818. 
Kilogremm^tre,  821, 888L 
Kinetic  encigy,  878. 
Knot^  or  nantical  mile^  840L 

Lap  of  slide  Tilva,  807. 

loathes,  572. 

Lead,  461. 

Lead  of  slide  Talve,  80i. 

Leather— Strength  of,  47 1. 

Lever,  192,  282, 880. 

„     —Strength  of:  557. 
Line  of  connection,  82,  77. 
Line  of  contact,  157. 
Link,  192. 

-Band,  218. 
—Drag,  194. 

for  contrary  lotatloai,  196. 
—Slotted,  218. 
,     — StrengUi  of,  585, 587. 
link-motions  for  sttde  Whes,  258. 
linkwork— Aggregate,  248. 

— Connactkm  bTt  ^^ 
—Doubling  of  oeciUaliotts  bj. 

201. 
—EffidencT  U,  44S»  449. 
— HsraaoBMi  notioa  fa>,  250L 
"-  Intennittsnt,  206. 
—Length  of  stroke  in,  197. 
—Slow  molioB  by,  202L 
— Veloeity.iitkata,199. 
with  redprocattog  motkm,  196. 
Lobed  wbecJi.  97. 
Lnbriestion,  848,  850. 895. 

IfACHDixa— EfllaeMT  oC  815w 
— Frame  o(  17. 
—General  eqnation  of  the  aetioa 

0^878. 
— .Horiog  piaeea  in,  17. 
— Stndnmg  aetiona  in,  527. 
Machbiery — Dynaoues  «C  815. 
II       ^Geometry  <rf^  8. 
„       —Use  and  parte  o<;  L. 
If  agnitttde— Centia  oC  384. 
MaUeable  cait-iron,  458. 
„       iron,  450.  455. 
Mass,  818, 855. 
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Mus— Centre  of,  328, 845. 
^Iftteriiili  used  Id  medunerj,  450. 
Mearare^Greatest  common,  108. 
Measares— Comparatire  UbJe  of  French 

and  British,  679. 
Mechanical  powen — Comparatire  motion 

In,  231. 
„  „       —Foroes  in  the,  879. 

Mechanism — Aniegate  combinadons  in, 

— EieroentaiT  combinations  in, 

77,80. 
— Elementary  combinations  in 

^classed  in  detail,  229. 
— ^Primarr  pieces  in,  17. 
— Pure,  8. 

— Secondarr  pieces  in,  48. 
Mensuration  of  areas,  881. 

of  cnrred  lines,  27,  883. 
of  geometrical  moments,  834. 
of  Yolnmes,  888. 
Modulus  of  a  midline,  877. 
of  elasticity,  492, 
orpliabiUty,492. 
of  resiliences  494* 
ofmptore,ol8. 
of  stiffness,  491. 
Moment  of  a  plane  area^  228, 885«  i 
„      of  inertia,  859.  618. 
„      of  resistance,  518. 
Moments— Geometrical,  884* 

„      —Statical,  821. 
Blomentnm,  829, 855,  858, 
Mortise-wheel,  478^  554. 
Motion— CompsntiTe,  23. 

„    — Comparative— in  rotating  pieces, 

81.85. 
„     —Helical,  88. 

„     of  a  rigid  body  — Unrestrieted,  50. 
„     of  connected  points,  82. 
„     —Periodic,  88, 196, 246,  875, 407. 
„     -BeUtiTe,  21,  80. 
,.     —Resolution  and  oompontion  of,  18. 

Nkcks  of  shafts,  544. 
Nentral  axis,  512. 

„      snrfaco,  511. 
Nominal  horse-power,  889. 
Kon-drcnlar  wbeds,  92. 
Normal  helix,  41. 

„        „     oF  aerew-line,  41. 
„     of  teeth,  122. 
Nut— Clasp,  576. 
„  or  internal  screw,  86. 
NbU  for  bolts,  499,  500. 

OoomroQRAjftL  186L 
CMI.850. 


Oldham  ooQ|>rmg,  186L 
Outside  nerinc,  85. 


Paddlb-wrkbu— Feathsring,  271. 

Pallets,  175. 
Pandynamometer,  887« 
Parallel  foicea,  822. 
n      motions,  274. 

-Eztm  of  defining 

281. 
— Granbopper,  275,  tn, 
—Robert's.  285. 

—Rules    for    desi^ia& 

277. 
— Tradag    ipBrexiTVJ 

circolar  ares  by,  2^ 
—Watt's,  275. 
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Paring  tools,  562. 
Pasteboanl  for  iMorini^  474. 
Paths— Agnmte,  23:),  261. 
PendulomTsOL 

„        governor,  411. 

„        — Revolving,  361. 
Percussion— Centre  of,  861. 
Periodio  motion,  83. 196, 246,  375,  407. 
Phosphor  Bronae,  578. 
Pigiron,  451. 
PilUrs,  524. « 

Pin  and  dot— Connection  by,  167. 
Pinions,  105. 

„      — Long  or  broad,  286. 
Pin-rack,  188. 

Pins-Strangth  of,  497,  499. 
Pin-wheel,  137. 
Piston,  221. 

„     — Friction  o^  889. 

— Wock  perftnsed  uj  a,  811. 
Piston-rod,  223. 

„         — £fficieneyof,448. 

„         —Strength  o^  524. 
Pitch  of  a  screw— Axial,  87,42. 

— Cjpcnmfei  ential,  4Z>  ^ 
— Diamctnl  and  ni^ 
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111. 

„    —Divided,  42. 


„   —Normd,41, 158.160, 10- 
ntdi-drdcs,  82, 157. 
Pitch-cones,  86. 
Pitch-cyfiaders,  88, 85. 
Pltch-lmes,  88. 
Pitch-pdnt,  82, 115. 
Pitch-smfocas,  81. 180. 
Pitch  of  teeth,  lol 
Pitddng,  118,  575, 
Plvots,T8. 

Pivot-FHotion  of,  853. 
Plana  sarfaesi    Sfraping  o(^  STL 
Planing,  569. 

„      madilna,  578. 
Planenslar,  67L 
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PUtciron,  4M. 
Plate-joiots,  495.  498. 
Plubmtj.  491,  493,  531. 
Plnmber-blodu,  552. 
Plongv,  221. 

„       —Friction  of,  399. 
Pnenmatie  connection,  445. 
Point — Driving  and  working,  23. 
Polygon  of  forces,  320. 
Potential  eneigj,  870. 
Pot-metal,  464; 
Power,  889. 

„      and  effect,  378 
„      — HoTM,  339,  378,  393. 
„      —Indicated.  890. 
Powers— Mechanical,  281,  879. 
PresB— Hjdranlic,  225,  881,  495. 
^Centre  of,  329. 

~Intenait7  0f,829,  342. 

on  bearing,  850. 
Primarj  moring  pieces — ^Efficieucj  of,  423. 
„  „        — Motions  of,  17,24. 

„  „       —Work  of,  844. 

Prime  factors,  105. 

„     mover,  1. 
Projection  of  points  and  lines,  8,  6. 
Proof  strengtn,  487,  490. 
Puddling  iron,  455. 
Puller.  2l4,  234,  381. 
Pallejr-blocks,  214,  443. 
PiiUeja,  179. 

—Circular,  182. 

—Differential,  240. 

—Eccentric,  188. 

— EUiptic,189. 

—Fast  and  loose,  184. 

for  chains,  190. 

for  flat  belts.  184. 

for  lopes  and  cords,  187. 

— Ooide,  188. 

— Non-curcnlar,  188. 

—Polygonal,  182. 

—Speed,  185. 

— Straining,  188. 

— Suspended,  191. 
pu:fip  brake,  404. 
PancDtng  toob,  560. 
Pttivhase,  214,  217. 

RabatmkjiTj  4. 

Back — CircoUr,  237. 

Marine  with  »crew,  289. 
B^cka— Teeth  of,  120. 
^Toothless,  81. 
Badlal  pitch.  111. 
Badina  ofgrratioo,  359,  360,  511. 
Ratchet  and  dick.  206. 
Bjite  of  work,  889. 
B^Ho — ApproxinuUkms  to  a  gireo,  107 
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Reaction     of    accelerated    and   retarded 
bodies,  830,  529. 
„       of  a  revolving  body,  380. 
„       — Straining  effects  of,  529. 
Reciprocating  force,  974. 
Redanlication,  214,  443. 
Regulating  apparatus  for  machinery,  400. 
Relative  motion,  21. 

„  „       in  a  rotating  piece,  30. 

Repose— Angle  of,  211,  298,  849. 
Resilience,  485,  492,  504,  521. 
Resistanoe,  316. 

due  to  acceleration,  854. 
—Mean,  347. 
of  friction,  348. 
„         — Reduction  of— to  the  dri?- 
ing  point,  844. 
Resolution  offerees,  819. 
„         of  motions,  18. 
„         of  rotation,  68. 
Resultant  foree,  819,  329. 

„        motion,  18. 
Revening-gear,  295. 

by  belts,  299. 
by  linkwork,  299. 
by  teeth,  299. 
,,  by  valves,  301. 

Revolution— Motion  of,  26. 
Rigidity,  49L 
Rimer,  561. 

Rivets— Strength  of,  498. 
Riretted  joints— Strength  oi,  495. 
Rod— Connecting,  192, 197, 449, 524,  537, 
,.  —Eccentric,  192, 197. 
,.  ^-Piston,  223,  449,  524. 
RoUed  corres^  62. 

—To  draw,  58. 
—Tracing  of— by  mechan- 
]am,2&. 
RoUers,  81. 

Rolling,  51,  56, 68,  70. 
cams,  98,  99. 
cones,  68,  78. 

contact— Connection  by,  81. 
„      —Efficiency  of,  486 
. ,      — General  oooditioos  of,  82. 
resutanoe,  353. 
Hoot-drele  of  teeth,  128. 
I^opes— Strength  of,  475. 

„    —Wire,  447,  538,  534. 
RoUtion  about  a  fixed  point,  48. 

I,      — Composition  and  resolution  of, 

54,  &. 
M       compounded  with  tmahtion,  52. 
,.       of  a  primary  piece,  t4. 
.,       ofaseoondarjpieoe^48,45. 
Rnled 
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Scraping,  662,  67L 
Screw,  18. 
„     and  nut,  157,  676. 
„     — GomparatiTO  motion  in,  87. 
„     — Compound.  242. 
„     —Differential,  242. 
„     — Effidencj  of,  488. 
„     —Endless,  168. 

as  a  mechanical  power  284,  881. 
— Motion  and  figure  of,  86. 
—Pitch  of,  86. 
—Reciprocating  endless,  246. 
—Strength  of,  499. 
—Tangent,  166. 
wheel  work,  167. 
with  dasp-nnt,  676. 
S<a«w-catting  by  lathe,  675, 

„  by  taps  and  dies,  668. 

Screw-geariog,  157. 

„  — Effidency  of,  489. 

„  — Fignres  of  threads  in,  168. 

.,  with  radc,  289. 

Sorew-line,  or  helix,  88. 

—Axial  pitch  o^  8&  42. 
— (^rcnmferential  pitoh  of,  42. 
— ^Cnnratore  of,  41. 
— Deyelopment  o^  40. 
— Divided  pitoh  of  42. 
— Normal  pitch  o^  41. 
Screws — Right  and  left-handed,  87. 
Secondary  moving  pieces,  48. 

-Flexible,  74. 
—Fluid,  75. 
—Rotation  of,  45 
—Translation  of, 
44. 

Sectors — Logarithmic  spiral,  99. 
Shaft— Braced,  576. 

,,    — Centrifugal  whirling  of,  649. 
Shafting — Effidenoy  of  long  lines  of,  488. 
„      —Span  between  barings  of,  545. 
Shafts  and  axles— Effidency  of,  427,  488, 

449 
Shafts— Renlience  of.  504. 
„     — Redstanoe  of— to  twisting,  500. 
„    —Stiffness  of,  645,  576. 
„    —Strength  of,  501,  640,  644, 617, 
676. 
Shaper-plate,  291. 
Shaping  machine,  671. 
Shearing— Resistance  to,  496. 

„      tools,  560. 
Sheaves,  214,  216. 
Shells— Boiler,  494. 678. 
Silk— Strength  ofl  676. 
Simpson's  rules,  382. 
Skew-bevel  wheels,  82,  87, 146, 162. 
Slide-valvei,  805,  814. 

—Motion  of,  260.  806. 
.Link  modona  tor,  268. 
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Slide-valvea— Movable-seated,  26Q. 
Sliding  contact — Connection  bj,  Ui 
„  „     — Effidency  of,  iSt. 

Sh^dmg  niece— Effidency  oC  426, 44S. 
Slot  ana  pin— Connection  by,  167. 
Slotted  link,  218. 
Slotting,  669. 

„       marhini?,  671. 
Soft  metal,  464. 
Solder— Hard,  or  spelter,  40. 

„    —Soft,  464. 
Spedfic  gravity,  326 

„  „       table  of,  S26. 

Speed— Adjustments  of,  80. 

— by  bands  fST^ 

leva.  16i.  3- 
—by        i^^^- 

wheda,^' 
__jjy  ton—** 

WheekSlI 
— by  valtes,  Sli 
Speed  of  cutting  toola,  667. 
of  rotation,  24. 

—Periodic  fluctuations  ti,  ^-  ^^ 
876, 407. 
„     — Unifbnn— Gonditioo  d,  369. 
Speed  cones,  185. 
Spirals,  53,  99. 

Springs— Deflection     of   sbiigbt   «»•- 
386. 
„     — Elastidty  of  apirs],  389. 
Sprocket-wheeL  191. 
Spur  wheels,  82, 120. 
Starting  a  machine,  876. 
Staves  or  pins  for  wheels,  traoiiles.  tfJ 
racks,  187. 

Steadiness— Co-effident  ot  862. 
Steel,  450,  457 

„     —Annealing  oil  457. 

„     —Kinds  of,  46^. 

„     — Resilience  of,  485. 
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„     springs-Elasticity  of,  886.  3«? 
„     —Strength  of,  459,  477,  484,  J7i 
„     — ^Tempering,  457. 
Stephenson's  link  motion,  257. 
Stepped  teeth,  155. 
Sti^ness— Moduli  of,  491,  492. 
„      and  pliabilitv  in  maefahiei,  ^^ 
„      of  beama  and  shafts  517,  517. 
Stone  bearings  for  ahafta,  464. 
Stopping  a  machine,  876,  400. 
Strain,  487. 

Straining  adiona  in  maduDesL  527. 

„  „       """AitenisiSi  * 

„       eflfeets  of  re-aotion,  529.        ^ 

Strength  and  atiffiaeas  —  Priodpbi  '^' 

rules.  487-668.  ^ 

— Cceffidenta  or  Bodafi  d;  ^ 

492. 
of  faateiiioca,  487. 
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StnncCfa  of  inftteria]s— TablM  of,  477-486, 
676. 
,,      — TesttDg  of,  490. 
,,      — Ultinu^  proof,  and  woi^iog; 
487. 
Btnm,  817,  487. 

„     —Moment  of,  610. 
Stnlw— Adjoitmeat  of,  810,  818. 

„     — Length  of— in  linkwoik,  197. 
8tnit»— Stie^sth  of  long,  684. 
»f  t*       ibort,  622. 

Snn-and-pUnet  motion,  246. 
Sorftooe— Miking  of  niled,  669. 
„      — Scnping  of  pUne,  671. 

Britiali  end  Fieneh  weighte  end 

measnne,  677. 
citeiiflcition  of  woode,  466. 
dete  for  calcnlating  fly-wheelB, 

408. 

elementeiyeomtinetionsin  me- 

ohanism,  in  claieee,  229-S^l. 

„         ezpuuion  by  heat,  826. 

„         factors  for  deflection,  619, 620. 

,,  ,,      for  dimeniiona  of  azlcB, 

648. 
„  ,1     for  godjceona,  642, 648. 

M  »t     for  uatU,  646. 

„  n     for  atrangth  of  atmta, 

624,68s. 
,,  „     for  traiiBTerse  strength, 

616,  616. 
„         footora  of  aafetj,  489,  646. 
„         friction,  849. 
„         heavinese,    denaitj,    apedflc 

niTity,  826-828. 
„         ha^(hta  doe  to  velodtiea,  881. 
„         meaaorea,  Britiah  and  French, 

679. 
„        of  intenaitr  of  prea- 

sure,  842. 
„        of    reaiatance    and 

work,  889. 
„        of  statical  moment, 
821. 
„  „        of  velooi^,  840. 

,,         sqnana  of  radii  of  gyration, 

860, 626. 
„         strength  of  belta,  474. 
„  „       of  iron  and  steel,  460, 

477,  479,  481-486. 
„  „       of  materials  ganerally, 

477-486. 
„  „       ofropaa,476,476. 

„  „       ofwiraropia,684. 

„         oaaa  of  wood  m  machinery, 

472. 
„       weigbtf|BiitiabaiidrnBcfa,677. 
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Tackle,  214. 

„      ^Effidencgr  of,  446, 
Tangent  acrew,  166. 
Teeth— Arc  of  contact  o^  119. 

—Common  and  relative  velocity  o^ 

117. 
— Dimenaiona  of,  116. 
— EffldenoY  of,  488. 
— Epicycloidal,  180, 

„        — Approxiniate,  184. 
^Figmea  of,  116. 
for  a  ^ven  path  of  contact,  128. 
for  inside  gearing,  117. 
„    for  intermittent  gearing,  189,  286. 
„    gearing  with  round  atayea,  187. 
-Hehoal,  166. 

—Involute— for  cironlar  wheels,  120. 
—for  elUptio  wheels,  292. 
—for  rada,  126. 
— nonnal  pitch  of,  122. 
—peculiar  propertiaa  of, 

„    —Machine  for  cutting,  676. 
«    —Obliquity  of  action  of,  119. 
„    of  mitre  or  bevel  wheela,  148. 
„    of  non-drcular  wheela,  141. 
„    of  skew-bevel  wheela,  146. 
„    of  apur-wheels  and  racks,  120. 
„    —Parte  of,  116. 
„    —Pitch  and  number  of,  108. 
„    — Pitchint^  or  laying  off  pitch  of, 
118,  676» 
—Stepped,  166. 
—Strength  of,  668. 
„    traced  by  rollmg  oorvea,  129, 
„    with  sloping  backs,  162. 
,.    —  Wooden,  or  «%  478. 
Teiodynamic  transmission,  447. 
Temperincof  steel,  467. 
Tenaion--Resi8tance  to,  498. 
Tenaion  rode— Strength  of,  686. 
Teating  of  strength.  490. 
Threaa  of  screw,  86. 
Thrust— Bending  actkm  o^  624. 
„     -Reaiatance  to,  622. 
, ,    —Strength  of  roda  under,  687. 
Tie— Strength,  atiffiieis,  and  reailience  of, 

498 
Tiller,' 219. 
Tiller-ropea,  219. 
Timber,  464-482. 
Tin,  461. 
Tools,  669. 
„    — Gombmatkoa  of;  668. 

—Counter-efficient    of   machine, 

668. 
—Cutting  anglea  of,  666. 
— Cutting— in  general,  669. 
— Motions  of  machine,  668. 
—Paring,  662. 
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Tools  — Panching;,  561. 

— RcsuUnoe  and  work  of,  667. 
—  Scraping,  562. 
— Shearine,  560. 

, ,     —Speed  of  cutting,  567. 
Torsion,  500. 

„       —Angle  of,  S88,  502. 

„       djnamometer,  387. 

„      — Resistanoe  to,  500. 
Trans  of  Unes  and  sorfaoes,  5. 
Traction  dynamometer,  883. 
Train-arm,  287. 
Trains-  EpiCTolio,  248, 246  * 

„     of  mecnanism,  80, 227. 

,,     of  wheelwork,  108. 

„     —Shifting,  235. 
TVammel,  267. 
Translation  of  a  secondary  piece,  44. 

„  straight,  18. 

Transrerse  strength.  504. 
Trarersing— Rate  of,  669. 
Trayersing-gear,  293. 
Triangle  of  forces,  819. 
Trochoid,  58. 
Trundle,  187. 
Trunk  for  niston,  228. 
Turning—Aggregate      combinations      of 

mechanism    used   in,  248,    266,  290, 

291. 
Turning  lathes — ^Action  of,  572. 
Twisting,  600. 

Ultdcatb  strength,  487. 
Unguents,  850. 

„        —Testing  friction  with,  895. 
Universal  joint  208. 
Unit  of  force,  817. 
Unit  of  mass,  818. 

Valves  —Action  of,  801. 

„      —Principal  kinds  of,  802. 
„       —Slide,  806. 
.,       —Use  of,  224. 
Velocities — Component,  88. 

„       —Virtual,  878. 
Velocity,  839. 

—Aggregate,  289. 
—Angular,  24,  841. 
— Mean  and  extreme  compara- 
tive, 199. 
— Measures  of,  840. 
ratio,  22, 199. 
Virtual  velocities,  378. 
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Watkr— Friction  of-m  pipes,  404. 

,,      wheels— Tension  arms  of,  566. 
Watt*s  parallel  motion,  275. 
Wedge,  232,  881. 

„      —Strength  of,  499. 
W«ght,  817. 
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or  britiah  and  French,  679. 
Welding,  456. 
Wheel  and  axle,  282,  880. 
„      and  rack,  84,  85. 
,,      cutting,  675. 
Wheda— Bevel,  82.  86. 
—Braced,  557. 
—Circular,  86. 
— Elliptie,  96. 
—Fly,  861, 407. 
— Lobed^97. 
— ^Non-cncDlar,  92: 
— Pitch-ani&oes^  utdi-fiiMB,  pitch- 
points  of,  82. 
-4^w.bevel,  62,  87,  162. 
—Sprocket,  191. 
—Spur,  82. 

— StrsB^  of  anna  (<  664^  656. 
of  rims  of.  563,  656. 
„        of  teeth  o^  663. 
— Teeth  o(  116. 
— Toothleaa,  81. 
with  parallel  axes,  68. 
.,      — Wwm,  168. 
Wtute's  puller,  216. 
Windlass,  190. 

„        —Differential,  241 
Wipers,  170, 175. 

Wire-ropea — De6ectum  and  length  of,  584. 
— Stzvngth  of;  688. 
— TranOTiisaion  of  power  bv, 
447 
Wood,  464. 

— Appearanoe  of  good,  467. 

— Cluaification  of,  466. 

— Examples  of;  466. 

— Preservatbn  of,  471. 

—Seasoning  of,  470. 

—Strength  of,  471,  478,  479, 4Su, 

48l7«2. 

-Structure  of,  464. 

—Use  of— in  machinery,  472. 
Wooden  cogs,  478. 
Work,  888. 

against  an  oUique  force,  348. 

against  varying  renstanoe,  346. 

— Algebraical  expressions  for,  842. 

and  energy— CSenaral  equatioo  of, 

done,  and  eneny  exerted— Equahty 

of,  37U,  876. 
done  duxiius  retardation,  373. 
in  terms  ofangular  motioa,  840. 
in  terms  of  pressure  and  vulume, 

841. 
—Measures  ct,  888. 
ofacoeleFatioiL861 
of  machines,  886. 
—Bate  of,  889. 
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Work  wprwaated  hj  an  traa,  846. 

--Simunirr  of  variooi   kinds 

862. 
— Sommation  of,  848. 
— Uaefiil  and  loii,  847. 
Working  load,  487. 
pointi  28. 
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Worm-wliMl.  168. 
WrenefaiDfr,  500. 
Wrought  itod,  468. 

Z-Cbakk,  271. 
Zinc,  461. 
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Dem^  Aw,  OloA.     With  Numerou*  lUu^ratioiu  reduced  firom 

Working-Drauringt,  18«. 

A     MANUAL 
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MARINE       engineering: 

OOMPRISINO 

THE  DESIGNING,  CONSTRUCTION,  AND  WORKING  OP 

MARINE  MACHINERY. 

on  Marku  EnghueHmo  to  tlu  JBofol  .yawl  CotUgt*  Ormmmkk;  Mtwtber  ^  (Ai 
/Mrifvlt  ^ifVwtoX  AnMtMti,  dt. 


OSNSBAL    OONTSNT& 

Past  I.<-PBiirciFLn  ov  HAinra  Pbopulsiov.— Hlstorr  uid  ProgrMS  of  Marine  CntlBMr' 
tog:  'VftrtOM  Methods  of  PropnlBion  and  Tjpee  of  Engfnea;  Weight  of,  and  Sp^ce  occupied 
br  jUohinery:  OalcnUbtiooe  of  Indicated  Hone-Power  for  Speed  of  Ship;  Kin'e  Analjtls; 
Onrret  of  Indloated  Hone-Power,  Slip  and  Berolntiona— how  to  oblam  and  how  to  nae; 
EfBciency  of  Mechaniim. 

Part  XL— PmrciPLBi  or  Stsav  Evoxiissrivo.— Steam  aaed  EspantiveW  and  Eoonomleall  j; 
Compoaod  Eoginee;  InTestigations  of  Tarioas  kindi  of  Comppood  Englnee,  and  their  Oom- 
mratlTe  Effldencr;  Effects  of  Compreesion,  Clearance,  Ac. ;  uow  to  oaiealate  Mean  EffectlTe 
preesore  of  any  Kngine :  Calcnlationa  for  detennlnlng  Slae  of  OjUnder  for  a  glTsn  HtMne- 
Power;  Nominal  Hone-Power. 

Pabt  in.— DiTAits  or  MABin  Evonin:  Dm<ni  avd  OALCULAnom  for  OrUndere,  Pietoni. 
VftlTei,  Expansion  Valres,  *c.:  Gonttractlon  and  Proportions  of  Oonaenser  Je^  ana 
Harfaee;  Galenlations  for  Cooling  Surface,  Condensing  Water,  Pomps,  ftoj  Centrifugal 
Pmnpe;  Cnnk  Shafts— eoUd  and  hallt  np;  Thmst  Shafts;  Paddle  Shafts;  Bonw  Shafts. 
Ao,  me. ;  Fonodation.  Framing,  Columns,  ttc ;  Valre  Motions ;  Zeaner's  Diagrams  simplUlea 
for  all  deecriptions  or  ValTe  Clear;  Improted  YalTe  Gear,  te. ;  Boles  for  Details  of  Variooa 
Parte;  Relier  Frsmee,  Ac 

Par  IV.— Pbopkllbm.— Theory  of ;  Jet  Propellen;  Comrnon  and  Foafliering  Paddles; 
Screw  Propellen;  Roles  for  determining  Diameter  of  Wheels,  Bine  of  Floats;  Pitch, 
Diameter,  and  Surface  of  Scnws;  Feathemg  Scnws,  Steel,  Iron,  and  Bronae  Blades,  Ac 

Pabt  v.— BniuHia— Comhostion;  EfBdeocy  of  Furnace;  Fuels,  Composition  and  Evapor* 
atlre  Value;  Evapontion;  Tohe  Surface,  Heatiiw  Surface,  Sleam  Space;  Priming,  Causes 
and  Prerention  of;  Various  Forms  of  Bollen;  Bulee  and  Formufv  for  CUculations  of 
Gnte  Area,  Tube  Surface,  Total  Heating  Surface,  Steam  Space,  te^  *e. ;  Scantlings,  and 
Methods  of  Coostmotlon:  Board  of  Trade,  Lloyd's,  and  Admiralty  Bules  and  Beguutions; 
Bmoka-hosai;  Funnels;  Safety-ValTee;  Other Meonttngs and Fltilnga. 

Past  Vl—Mi8cnL*inoo&— Fitting  Machinery  into  Ships;  Beatws,  Chocks,  *&,  A&; 
AazUiary  Engines^  OoTemors,  GaogesL  te^  «. ;  Platfoima,  Ladder^  Ac ;  Trials  of 
MaohineiT;  Spare  Gear;  Materials  used  In  ConstrndSon ;  Iron,  Cast  and  Wrought}  Slatl 
CHjMngi,  riatea.  4te> ;  Copper  and  AIk>ys;  Bronaes;  While  MeMa,  4& 


**  By  fitf  the  beat  Mamiftl  In  existence.   .   .   .   CHtes  a  compete  aeeonnl  of  flM  BMlhodi 
of  eolTinc,  with  the  ntmoat  poealUe  eoonomy,  the  proUama  banva  the  Martna  XnglBeer.**^ 
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CHARLES  GRTPFTN  &  COMPANY, 


New  ready,  ha^'bound^  foUOf  price  3Q». 

TRAVERSE     TABLES: 

Computed  to  4  Places  Decimals  for  every  Minute  of  Angle  up  to 

100  of  Distance. 

For  the  Use  of  Surveyors  and  Engineers, 

BT 

R.  LLOYD   GURDEN, 

▲UTHOBISKD  SURYEYOR  FOR  THB  QOVERNICINTS  OV  NSW  SOUTH 

WALKS  AND  VICTORIA. 


OPINIONS  OF  THE  PRESS. 

''Mr.  GrsDicT  1b  to  be  ttuuiked  for  the  extraordinary  labour  which  he  has  bestowed  on 
facilitating  the  work  of  the  Snrreyor.  ...  An  almost  anexampled  instanoe  of  pro- 
fessional and  literary  industry.  .  .  .  As  to  the  valne  of  the  Tables  theiBaelTaa»  con 
opExixo  or  TBB  BOOK,  and  a  simple  inspection  and  notation,  withoitt  c  vlculatios,  gi^«e  the 
information  which,  if  Bought  by  the  nsnal  method,  requires  the  opening  of  the  tables  of 
logarithms  In  four  different  places,  making  two  separate  additions  in  order  to  get  Sgorea  oi 
second  decimal  plaoes  (those  in  the  Tables  being  to  four  places),  and  making  calculfttkyos 
involving  the  use  of  forty-eight  more  figures  than  are  required  to  be  written  by  the  person 
who  uses  these  Tables.  .  .  .  When  the  anxious  and  laborious  work  of  one  man  aJlords 
the  means  of  such  a  earing  of  toil  for  all  those  who  avail  themselves  of  bis  work,  the 
patient  and  careful  tabulator  deserves  the  name  of  a  benefaefeor  of  hie  profwion.  aod  of  a 
good  servant  of  his  fellows."— ^MeiMnmi. 

"  These  Tablee  are  characterised  by  absolutx  smrucRT,  and  the  saving  of  time  effecied 
by  their  use  is  most  material  .  .  .  The  Author  has  done  mnoh  to  rednoe  the  oo»t  and 
burden  of  the  Surveyor*s  wotIl  Every  one  connected  with  Engineering  <»-  ^mrey  ikoidd 
be  made  aware  of  the  existence  of  this  elaborate  and  useful  set  of  Tablea.**— Jtetfdb*. 

"  Up  to  the  present  time,  no  Tablee  for  the  use  of  Surveyors  have  been  praparsd  which 
in  minuteness  of  detail  can  be  compared  with  thoee  oomi^led  by  Mr.  B.  U  Oubdcs.  .  . 
With  the  aid  of  this  book  the  toil  or  oaujulahov  b  bsducbd  to  a  xminni;  and  not  oa(y  b 
time  saved,  but  the  risk  of  error  is  avoided.  .  .  .  The  profeadoo  Is  under  an  obligatioo 
to  Mr.  OuiDBV  for  ensuring  that  in  ttie  oalenUtlon  of  triangles  and  tra verses  taaocorsdes 
are  for  the  future  Impossible.  .  .  .  Mh.  Gusnnr's  book  has  but  to  ■■  nowa,  abb  bo 
Bboibbsb's  ob  Sobtbtob'b  OifXOB  wnx  bb  wnaouT  a  Con.**— ilreMlsef. 
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Large  8tv.,  Cbth,  mtk  150  JBuitratians,  %s.  (>d. 

A   DICTIONARY   OF  _ 

DOMESTIC  MEDICINE 

AND  HOUSEHOLD  SURGERY, 


BY 


SPENCER  THOMSON,  M.D.  Edin.,  L.R.C.S.  ^ 

Thoroughly  revised  and  brought  doum  to  ike  present  state  cf  Mrdxa^  -*  - 
With  Appendix  on  the  MANAGEMENT  of  the   SICK-ROO^,  ^  '^ 
Hints  for  the  DIET  and  COMFORT  of  INVALIDS, 

From  the  Author's  Prefatory  Address. 

"  Without  entering  unon  that  difficult  ground  which  correct  P^^'^. . 
knowledge,  and  educatea  judgment,  can  alone  permit  to  be  safely  tr»Xi-d^  - - 
is  a  wide  and  extensive  field   for  exertion,  and  for  usefulness,  ^P^.-'j  V 
improfessional,  in  the  kindly  offices  of  a  true  DOMESTIC    M£W^^*  -^  ' 
timely  help  and  solace  of  a  simple  HOUSEHOLD  SURGERY,  or  brz-r  ^ 
in  the  watchful  care  more  generally  known  as  *  SANITARY  PRECAl  -^ 
which  tends  rather  to  preserve  health  than  to  cure  disease.     *  The  kc^ 
gentle  hand  *  will  not  be  less  gentle  because  guided  by  knowledge,  Q^'  *   _" 
safe  domestic  remedies  be  less  anxiously  or  carefully  administered,    l---^  ■' 
be  saved,  suffering  may  always  be  alleviated.     Even  to  the  residen:  -  - 
midst  of  civilization,  the  'KNOWLEDGE   IS    POWER,'  to  do  gc^-    ' 
the  settler  and  emigrant  it  is  INVALUABLE. 

"  I  know  well  what  is  said  by  a  few,  about  injuring  the  medical  proi^^' 
making  the  public  their  own  doctors.     Nothing  will  be  so  likely  to  niai« 
cases  *  as  for  the  public  to  attempt  any  such  folly;  but  people  of  ccv- 
means — who,  so  far  as  medical  attendance  is  concerned,  are  worse  offi — - 
pauper — will  not  call  in  and  fee  their  medical  adviser  for  every  slight  ma*'"^  ' 
in  the  absence  of  a  little  knowledge,  tc/Z^have  recourse  to  the  prescribing cr«.- 
or  to  the  patent  quackery  which  flourishes  upon   ignorance,  and  vp 
mystery  with  which  some  would  invest  their  calling.    And  not  patent  c;^;-^ ; 
alone,  but  professional  quackery  also,  is  less  likely  to  find    footing  u-''^\  ' 
roof  of  the  intelligent  man,  who,  to  common  sense  and  judgment,  adds  a y 
knowledge  of  the  whys  and  wherefores  of  the  treatment  of  himself  and  '^ 
Against  that  knowledge  which  might  aid  a  sufferer  from  accident,  or  ^J"  ■ 
emergency  of  sudden  illness,  no  humane  man  can  offer  or  receive  any  obi«v*'  • 

Notices  of  tha  Press. 

«  The  BEST  and  SAFEST  book  on  Domestic  Medicine  and  Honaefaold  Soztcry  *- 
has  yet  sippcared." — London  Journal  of  Medicine.  ^  .   ^. 

''Dr.  Inomson  has  fully  succeeded  in  conveying  to  the  public  a iraat  amooot  ^  ** 
professional  knowledge." — Dublin  youmal  of  Medtcal  Science. 

"The  best  production  of  the  kino  we  ik>ssks&."— Christian  tVitmeu.^  ^  -..^  , 

*'  The  amount  of  useful  knowledge  conveyed  in  this  work  is  surprising. **—J/!(i&>'  *' 
and  Gazette,  . 

*'  Worth  its  wbight  in  cold  to  families  and  thb  clbxcy."— Oj^Swi/  Her»»' 


LONDON: 

CHARLES  GRIFFIN   &  COMPANY. 

12,  EXETER  STREET,  STRAND. 


■Jf     Charles  Griffin  &  Company's 
^^  LIST  OF  PDBLICATIONS. 


:o: 


RELIGIOUS    WORKS. 


ALTAR    OF    THE    HOUSEHOLD    (The);    a 

Series  of  Prayers  and  Selections  firom  the  Scriptures,  for  Domestic  Wor- 
ship, for  every  Morning  and  Evening  in  the  Year.  By  the  Rev.  Dr. 
Harris,  assisted  by  eminent  Contributors,  with  an  Introduction  by  the 
Rev.  W.  Lindsay  Alexander,  D.D.  Ntw  EdiHom,  enHrtfy  Rtvistd. 
RoTal  4to,  with  Steel  Frontispiece.  Cloth,  gilt  edges,  22/-.  May  also 
be  nad  bound  in  the  following  styles  :  half-bound  calf,  marbled  edges ; 
and  levant  morocco,  antique,  gilt  edges. 

*^*  Also,  Illustrated  with  a  Series  of  First-class  Engravings  on  Steel, 
descriptive  of  the  most  important  Events  in  the  Old  and  New  Testaments, 
at  6/-  extra. 

ANECDOTES   (Cyclopedia   op    Rbligious  and 

Moral).  With  an  Introductory  Essay  by  the  Rev.  Georgb  Chbevbr, 
D.D.     Crown  8vo.    Cloth,  3/6.     Tkirty-fimrtk  TkousamL 

%*  These  Anecdotes  relate  to  no  trifling  tnbjects :  and  they  haTe  been  adected,  not 
for  amiiertnent,  but  for  instnictioo.  Bj  thote  engaged  in  the  tuitiaQ  of  theyouqg,  fhej 
will  be  found  iughly  uefiaL 

BIBLE   HISTORY  (A  Manual  of).    By  the  Rev. 

J.  Wycliffb  Gedge,  Diocesan  Inspector  of  Schools  for  Winchester, 
Small  8vo.    Cloth  neat,  7d. 

"  Tliis  onall  but  very  comprehenaiTe  Manual  is  nmch  nMi«  than  a  awra  sumnaiT 
of  Bible  History."— C«bm»l  Smttdajf  School  Magnitu. 

The  Large-Type  Buntan. 

BUNYAN'S    PILGRIM'S    PROGRESS.      With 

Life  and  Notes,  EiperimenUl  and  Practical,  by  William  Mason. 
Printed  in  large  type,  and  Illustrated  with  full-p«£e  Woodcuts.  Crowa 
8vo.    Bevelled  boards,  gilt,  and  gilt  edges  3/6.    Twtlftk  Tkomtmd^ 


CHARLES  GRTPPm  A  COUP  ANTS 


CHRISTIAN  YEAR   (The) :    Thoughts  in  Verse 

for  the  Sundays  and  Holy  Days  throughout  the  year.  With  an  original 
Memoir  of  the  Rev.  John  Keble,  by  W.  Temple,  Portrait,  and  sixteen 
beautiful  Engravings  on  Steel,  after  eminent  Masters.  In  4to,  handsome 
doth,  bevelled,  12/6;  unique  walnut  boards,  21/-;  morocco  antique, 
35/-;  morocco  extra,  30/-. 

ILLUSTKATIOKS. 


Morning   ..        ..  alter  H.  Howard,  R.A. 

Sunset                ••  »ff           O.  Barrbtt. 

A  Mountain  Stream  ,»            C.  Bentley. 

A  River  Scene  ,,  C  W.  Radclyffb. 

A  Mountain  Lake  „    J.  M.  W.  Turner. 

A  Greek  Temple  „    I).  Roberts,  R.A. 

A  Wlage  CHiurch  „    C  W.  Radclyfpb. 

The  Wayside  Cross  „      Tony  Johannot. 


The  Old  Mansion. .  after  C.  W.  Radclyffb 

The  Cathedral  Choir  ,,  Levaivt. 

Sunset  (after  Claude),,  G.  Barrftt. 

Moonlight                   „  HoFUOkii. 

Pastoral  Landscape     ,»  C.  W.  RADCLYFrs. 

Halt  in  the  Desert      „  D.  Roberts,  RA. 

Guardian  Angels        „  H.  Howard,  RvA. 

The  Churdi  Gate       „  C  W.  Radclyffe. 


**  An  Edition  de  luxt,  beautifully  got  up admirably  adapted  for  a  gift-book."— 

CHRISTIAN  YEAR  (The):   With  Memoir  of  the 

Author  by  W.  Temple,  Portrait,  and  Eight  Engravings  on  Steel,  after 
eminent  Masters.  Small  8vo,  toned  piper.  Cloth  gilt,  5/-;  morocoo, 
10/6 ;  unique  malachite  boards,  12/6.    New  Edition, 

*^*  The  above  are  the  only  issues  of  the  "  Christian  Year."  with  Memoir  and 
of  ue  Authcvt    In  ordering.  Griffin's  Editions  should  be  qxcifird. 


CRUDEN'S      COMPLETE      CONCORDANCE 

TO  THE  OLD  AND  NEW  TESTAMENTS,  AND  THE  BOOKS 
CALLED  APOCRYPHAL.  Edited  and  corrected  by  William 
YOUNGMAN.  With  fine  Portrait  of  Cruden.  Imperial  8vo.  Cloth, 
handsome  gilt  top,  7/6.    New  Ediiion. 


DR.  DICK'S  POPULAR  WORKS. 


DICK  (Thos.,  LL.D.):  CELESTIAL  SCENERY; 

or.  The  Wonders  of  the  Planetary  System  Displayed.  This  work  is 
intended  for  general  readers,  presenting  to  their  view,  in  an  attractive 
manner,  sublime  objects  of  contemplation.  Illustrated.  Crown  S\^}. 
toned  paper.    Handsomely  bound,  with  gilt  edges,  $/*.    Mv  Edibeeu 

DICK    (Dr.):      CHRISTIAN    PHILOSOPHER 

(The) ;  or.  The  Connection  of  Sclenoe  and  Philosophy  with  Religioa. 
Revised  and  enlarged.  Illustrated  with  150  Engravings  on  Wood*  (>owii 
avo,  toned  paper.  Handsomely  bound,  with  gilt  Mges,  $/-•  ~ 
eighth  EdOiem, 


RBUOWUS  PUBLICATIONS.  5 

STANDARD  BIBLICAL  WORKS, 

BY 

THE  REV.  JOHN  EADIE,  D.D.,  LL.D., 

£mU  Pn^tssar  of  Biblical  Literature  and  Exegesis  to  the  United  Pre^teritus  Ckurtk^ 
and  Member  of  the  New  Testament  Revision  Company, 

This  Sbxiks  has  been  prepared  on  an  accurate  and  scientific  ba^,  to  affwd  sound  and 
necessary  aid  to  the  Reader  of  Holy  Scripture  The  Foux  Volumes  comprised  in  it  form  in 
themselves  a  Cohplbtb  Libxary  of  Refbrbncs,  Biblical  and  Ecclesiastical.  NuiAber 
of  copies  ahneady  issued,  ovbr  a  quarter  or  a  million. 

I.  EADIE   (Rev.   Prof.);    BIBLICAL    CYCLO- 

PiCDIA  (A) ;  or,Dictionary  of  Eastern  Antiquities  and  Customs,Geography, 
Natural  History,  Sacred  Annals,  Biography,  and  Biblical  Literature, 
illustrative  of  the  Old  and  New  Testaments.  With  Maps  prepared 
expressly  by  Messrs.  W.  &  A.  K.  Johnston,  many  Engravings,  and  Litho- 
graphed Fac-Simile  of  the  recently-discovered  Moabite  Stone,  •with 
Translation  of  the  Inscription.  Large  post  8vo.,  700  pages.  Handsome 
cloth,  7/6  ;  half-bound  calf,  iq/6 ;  morocco  antique,  id/-.  Twenty-ucottd 
Edition, 

"We  must  renrd  Dr.  Eadie's  Bible  Dictionary  as  decidedly  the  best  adapted  for 
popular  use»  and  nave  always  found  it  a  reliable  authority.  To  the  Clergy  not  possessed 
of  large  libraries,  and  to  whom  the  price  of  books  u  important,  we  can  cordially  recom- 
mend the  present  volume."— C/rrKW  JoMmaL 

II.  EADIE     (Rev.   Prof.):    CRUDEN^S     CON- 

CORDANCE  TO  THE  HOLY  SCRIPTURES.  With  a  Portrait  on 
Steel  of  Alexander  Cruden,  M.A.,  and  Introduction  by  the  Rev. 
Dr.  King.  Post  8vo.  Cloth,  3/6  ;  half-bound  calf,  6/6  ;  full  calf,  gilt 
edges,  8/6  ;  full  morocco,  gilt  edges,  10/6.    Forty-stvfnih  Edition. 

*•*  Dr.  Eadib's  has  long  and  deservedly  borne  the  reputation  of  being  the  COM- 
PLETEST  and  BEST  CONCORDANCE  extant. 

III.  EADIE  (Rev.  Prof.):   CLASSIFIED   BIBLE 

(The).  An  Analytical  Concordance  to  the  Holy  Scriptures.  Illustrated 
by  Maps.  Large  post  8vo.  Cloth,  bevelled,  8/6 ;  morocco,  17/-. 
Stxtk  Edition, 

*'«*  The  object  of  the  Classifibd  Biblb  is  to  present  the  entire  Scriptures  under 
certain  distinct  and  exhaustive  Heads  or  Topics,  it  differs  from  an  ordinary  Conocml- 
ance  in  that  its  arrangement  depends  not  on  words,  but  on  subjects.  The  Reader  will 
6nd,  under  forty-two  different  Sections,  what  the  Bible  says  in  relation  to  Doctrine, 
Ethics,  Antiquities,  &c  The  .verses  being  printed  in  full,  reference  and  comparison  are 
greatly  frdliuted. 

"  We  have  only  to  add  our  unqualified  commendation  of  a  wosk  of  real  fBcyllmce  to 
every  Biblical  student"— CAtw/mm  Timet. 

IV.  EADIE  (Rev.  Prof.):      ECCLESIASTICAL 

CYCLOPiEDIA  (The) ;    A  Dictionary  of  Christian  Antiquities,  Sects, 

Denominations,  and  Heresies ;    History  of  Dogmas,  Rites,  Sacraments, 

Ceremonies,  &c.,  Liturgies,  Creeds,  Confessions,  Monastic  and  Religious 

Orders,  Modem  Judaism,  &c.    By  the  Rev.  Professor  Eaoib,  assisted  by 

the  Rev.  Dr.  Hartwell   Horne,  Yen.  Archdeacon  Hals,  Professoi 

BCac  Caul,  and  other  contributors.  Large  post  8vo.,  Cloth  bevelled,  8/6 ; 

morocco  antique,  17/-.    Sixth  Edition, 

"  Our  readers  will  not  need  to  be  told  that  this  IS  a '  coDpitlMnsive '  work,  and  we  1 
add  that  it  is  one  which  will  be  found  useful  and  convenient  to  a  luge  number  of  f 
olergy  and  luXf^-^RngUsk  Cknrchmum. 


CHARLES   ORTPFIN  «fc   C0MPANT8 


Rev.  Prof.  Eadie's  Works— (c««/mi«^^. 

V.   EADIE  (Rev.  Prof.):    A   DICTIONARY  OF 

THE  HOLY  BIBLE  ;  designed  chiefly  for  the  use  of  Young  Persons. 
From  the  larger  work  by  Dr.  Eadie.  With  Map  and  numerous  Illus- 
trations. Small  8vo.  Cloth,  2/6  ;  morocco,  gilt  edges,  7/6.  TfUriy^sixtk 
Thousand, 

"  Parents  and  tutors  will  unanimously  thank  the  author  for  this  result  of  a  labour  of 
love." — Critic. 

"  A  very  good  and  useful  compilation  for  youth."— ZfV^m»7  Gaagtte, 

*^*  A  Complete  Prospectus  of  Dr.  Eadie's  Biblical  Works 
forwarded  gratis  and  post-free  on  application. 


FOSTER   (Charles)  : 

THE  STORY  OF  THE  BIBLE,  from  Genesis 

to  Revelation,  including  the  Historical  Connection  between  the  Old  and 
New  Testaments,  told  in  simple  language  for  the  Young.  With  over  25c 
Engravings  (many  of  them  Full-page),  illustrative  of  the  Bible  Narrauvc. 
and  of  Eastern  Manners  and  Customs.     Post  8vo,  700  pages. 

HOME  AND  SCHOOL  EDITION.     Cloth  elegant,  6/-. 

PRIZE  AND  PRESENTATION  EDITION.     Beautifully  gilt,  7  6 

The  attention  of  Parents,  and  of  all  engaged  in  the  Education  of  the  Youne,  is  reqiseste- 
to  this  most  interesting  work.  It  comprises  seven  hundred  pages  profusely  iUostrate. 
and  is  written  in  an  exceedingly  attractive  manner,  so  that  the  young  Hearer  or  Re2.V 
never  wearies  of  the  "  Story, '  and  the  daily  Bible  Lesson,  instead  of  being  regarjr: 
as  a  task,  is  eagerly  looked  forward  to  as  a  real  pleasure  and  enjoyment. 

Professor  Storrs  writes  of  the  Author's  style :  "  It  is  a  model  of  true  simplicitT  .\r 
purity,"  and  thus  the  little  hearer  is  drawn  on  msensibly,  by  the  charm  of  the  narn:.>- 
to  the  desire  to  become  acquainted  with  the  Book  itself,  with  whose  "  Story  •"  90  c-i:. 
happy  hours  have  been  associated. 

HENRY  (Matthew) :    A  COMMENTARY  on  th: 

HOLY  BIBLE.    With  Explanatory  Notes.     In  3  vols.,  super-rojatl  S." 
Strongly  bound  in  cloth,  50/-.    New  Edition, 

KITTO  (John,  D.D.,  F.S.A.):  THE  HOLY  LAND 

The  Mountains,  Valleys,  and  Rivers  of  the  Holy  Land ;  bein^  the  P^^ 
cal  Geography  of  Palestine.    With  eight  full-page  Illustrations.      Y. 
8vo.     Cloth,  2/6.    Eleventh  Thousand.    New  Edition. 

%*  Contains  within  a  small  compass  a  body  of  most  interesting  and  valuable 


KITTO    (John,    D.D.,     F.S.A.)  :      PICTORIAl 

SUNDAY  BOOK  (The).     ConUining  nearly  two  thousand  lUustnt* 
on  Steel  and  Wood,  and  a  Series  of  Maps.     Folio.     Cloth   eilt-  i: 
Seventy-third  Thousand.  K    S  . 


RBLIOIOUS  PUBLICATIONS. 


PALEY  (Archdeacon) :  NATURAL  THEOLOGY ; 

Or,  The  Evidences  of  the  Existence  and  the  Attributes  of  the  Deity. 
With  Illustrative  Notes  and  Dissertations,  by  Henry,  Lord  BROUGHAM, 
and  Sir  Charles  Bell.    Many  Engravings.   One  vol.,  i6mo.   Cloth,  4/-. 

"  When  Lord  Brougham's  elo(]uence  in  the  Senate  shall  have  ]>assed  away,  and  his 
services  as  a  statesman  shall  exist  only  in  the  free  institutions  which  they  have  helped 
to  secure,  his  discourse  on  Natural  Theology  will  continue  to  inculcate  imperishable 
truths,  and  fit  the  mind  for  the  higher  revelations  which  these  truths  are  destined  to 
foreshadow  and  confirm." — Edi$tburgh  Kevirw. 

PALEY  (Archdeacon) :  NATURAL  THEOLOGY : 

with  Lord  BROUGHAM'S  Notes  and  DIALOGUES  ON  INSTINCT. 
Many  Illustrations.     Three  vols.,  i6mo.     Cloth,  7/6. 

*^*  This  Edition  contains  the  whole  of  the  Original  Worh^  published  at 
Two  Guineas,  with  the  exception  of  the  Mathematical  Dissertations, 

RAGG   (Rev.  Thomas):    CREATION'S   TESTI- 

MONY  TO  ITS  GOD  :  the  Accordance  of  Science,  Philosophy,  and 
Revelation.  A  Manual  of  the  Evidences  of  Natural  and  Revealed 
Relipon';  with  especial  reference  to  the  Progress  of  Science  and  Advance 
of  Knowledge.  Revised  and  enlarged,  with  new  Appendices  on  Evoht' 
turn  and  the  Conservation  of  Energy.  Large  crown  8vo.  Handsome 
cloth,  bevelled  boards,  5/-.     Thirteenth  Edihon. 

"  We  are  not  a  little  pleased  again  to  meet  with  the  author  of  this  volume  in  the  new 
edition  of  his  far-famed  work.  Mr.  Ragg  is  one  of  the  few  original  writers  of  our  time  to 
whom  justice  is  being  done." — British  Standard. 

•«•  This  work  has  been  pronounced  "The  Book  of  the  Age,"  "The  best  popular  Text- 
Book  of  the  Sciences,"  and  "llie  only  complete  Manual  of  Religious  Evidence,  Natural 
and  Revealed." 

RELIGIONS  OF  THE  WORLD  (The):    Being 

Confessions  of  Faith  contributed  by  Eminent  Members  of  every  Denomi- 
nation of  Christians,  also  of  Mahometanism,  the  Parsee  Religion,  the 
Hindoo  Religion,  Mormonism,  &c.,  &c.,  \^ith  a  Harmony  of  the  Christian 
Confessions  of  F'aith  by  a  Member  of  the  Evangelical  Alliance.  Crown 
8vo.     Cloth  bevelled,  3,-6.     New  Edition. 

%*  In  this  volume,  each  denomination,  through  some  leading  member,  has  expressed 
its  own  opinions.  There  is  no  book  in  the  langiiage  on  the  same  plan.  All  other  worka 
on  the  subject,  being  written  by  one  individual,  are  necessarily  one-sided,  incomplete, 
and  unauthentic. 

SCOTT    (Rev.    Thomas):     A    COMMENTARY 

ON  THE  BIBLE;  containing  the  Old  and  New  Testaments  according  to 
the  Authorised  Version,  with  Practical  Obser\'atiuns,  copious  Margmal 
References,  Indices,  &c.    In  3  vols.,  royal  4to.    Cloth,  63  -.    New  Edition. 

TIMES    (John,    F.S.A.,    Author   of    "Things   not 

Generally  Knoi^-n,"  &c.)  : 

THOUGHTS  FOR  TIMES  AND  SEASONS.  Selected  and  com- 
piled  by  John  Timbs.     Fcap.  8vo.    Cloth  neat,  i'-.     Second  Editiom. 

**  In  a  neat  and  concise  form  are  brought  together  striking  and  beautiful  passages  finm 
the  works  of  the  most  eminent  divines  and  moralists  and  political  and  scientific  writers 
i»f  acknowledged  tihiWly."— Edinburgh  Daily  Review, 


8  CHAItLBS  QRIFFtN  AND  COMPASTS 

Scientific  Works. 
MEDICAL    WORKS 

By  WILLIAM  AITKEN,  M.D.  Edin.,  F,R.S„ 


or    PATHOLOGY    IN  THB  ARMY  MEDICAL  SCHOOL  ;   EXAMINKR  IN  MXDICINE  POI 

THB  MILITARY  MEDICAL  SERVICES  OP  THE  Ql'EEN  ;     PELLOW  OP  THB  SANITAKY 

IKSTITCTE  OP  GREAT  BRITAIN;  CORRESHiNOINC  MEMBER  OP  THB  ROYAJL 

IMPERIAL     SOCIETY    OP     PHYSICIANS     OP     VIENNA  ;      AND    OP    THX 

SOCIETY  OP  MEDICINE  AND  NATURAL  HISTORY  OP  DRESDEN. 


Now  Ready.     SEVENTH  EDITION.     PRICE  42J. 

The  SCIENXE  and  PRACTICE  of  MEDICINE, 

in  Two  Volumes,  Roj-al  8vo.,  cloth.  Illustrated  by  Numerous  Enprav- 
ings  on  Wood,  and  a  Map  of  the  Geographical  Distribution  of  Dbeases. 
To  a  great  extent  Re-written  ;  EnUu^ed,  Re-modelled,  and  Carefully 
Rcrisrd  throughout. 


In  atmomncing  the  Seventh  Edition  of  this  important  Work  as  now  Ready ^  ike 
Pwihshtrs  tcould  only  remark^  that  no  labour  or  expense  has  been  spetred  i^ 
sustain  its  tcelt-knoxcn  reputation  as  "  Tke  Representative  Book  of  the  Medical 
Science  and  Practice  of  the  Day."*  Among  the  Afore  Important  Features  of  ti/ 
New  Edition^  the  suhject  e/^' DISEASES  OF  THE  BRAIN  AND  NerVOIS 
System  may  be  specially  mentioned. 

OplBlons  of  tli«  PNu, 

"ExccUeot  from  die  beginning,  and  improved  in  each  successive  issue.  Dr.  Aitken  < 
GKBAT  and  STANDARD  WORK  tuus  DOW,  With  vut  and  iudicious  labour,  been  brou^4t 
abreast  of  every  recent  advance  in  scientific  medicine  and  the  healing  art,  and  affords  tc  :r«c 
Smdent  and  Pnctitioner  a  store  of  knowledse  and  guidance  of  altogether  tnesdmaUe  valce. 
•^^...Tbe  first  510  pages  of  the  Second  Voluine  would,  if  printed  separately,  form  perh^fn 
Ae  best  text-book  in  our  language  for  the  student  of  Neurology  and  Insaoity.  A  mastcdy 
and  philosophical  review,  characterised  by  the  precision  of  the  specialist,  and  the 
breadth  of  the  catholic  phpidan,  is  presented  m  these  pages  of  the  vaui«d  ph<- 
pomewa  connected  with  morbid  omditions  of  the  nervous  system  in  their  relatiocis  m-iu 
anatoaucal  structure,  chemical  composition,  physiological  uses,  and  pathological  chanres. 

.  .  A  dafqcy*  work  which  does  honour  to  British  Medicine,  and  is  a  coapcodins  J 
soond  kaowledee."— f  x/nM-Z/rvMc  Revirso  in  "  Bnwh"  by  J.  CricAtom-Brwwme,  MJ? « 
Jf  JP-y..  L^mi  CkancelUrs  V'tsitar  im  Lunacy. 

'*Tbe  Skvsnth  Edition  of  this  important  Text>Book  fully  maintains  its  repaiatior. 

»..M^...Dr.  Aitken  is  inde&tigable  in  his  efforts The  section  cm  Diskases  of  tise 

Bkain  and  Nsavous  System  is  completely  re-modelled,  so  as  to  include  all  the  mj»x 
i«oent  reseaichcs,  vdiich  in  this  department  have  been  not  less  important  thaa  tbcy  ait 
nuBeroos.**— ^rt/uil  Medical  ymtruat. 

**  The  work  is  an  admirable  one,  and  adapted  to  the  reqniremeols  of  the  Stndeai. 

Plofessor,  and  Practitiooer  of  Medicine. The  reader  will  find  a  hme  aawMuii  cf 

iofbniiation  not  to  be  met  with  in  ocher  books,  epitomised  for  him  in  this,  wc  kzMw  ca 
BO  work  that  contains  so  much,  or  such  foil  and  varied  information  on  aO  sattfects  oan- 
nected  with  the  Science  and  Practice  of  Mcdidne."— iL«M»/. 

"The  Standakd  Text-Book  in  the  English  Unguage..... There  is.  perliapa.  no 

wwk  more  indispensable  for  the  Practitioaer  and  Student."— £1^  Medicmt  ymammL 

"  In  its  systefl^  in  its  scope,  and  in  its  method  of  dealing  with  the  sabjecta  created 
oi;  this  work  diifcn  from  all  other  Text-books  on  the  Science  of  Mcdidne  in  the  Ea^jih 
luiguage.  *— JVMkW  Timet  and  Gaaette. 

••Yhe  cxtnoffdinary  merit  of  Dr.  Aitken's  work.. ..The  author  hat  nnquwiiimaKy 
p«fcnned  a  service  to  the  profession  of  the  most  valuable  kind."— /Vwr/ii'hMrr. 

*' Altofethcr  this  voluminous  treatise  is  a  credit  to  its  Author,  iu  Publisher,  and  t> 

Bulish  Physic...— «>Aifords  an  admirable  and  honest  digest  of  the  opinions  and  ; ^'  ^ 

ofthe  day...~...Commeods  itself  to  us  for  sterling  valne,  width  of  relrospcciy  aad 
of  rsprt  scntation ,  "'•^Jtedico^kirufgicml  Review* 
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Prof.  Aitken's  Works — {amtiitued). 


AITKEN  (William,  M.D.,  F.R.S.)  :  OUTLINES 

OF  THE  SCIENCE  AND  PRACTICE  OF  MEDICINE.  A  Text- 
Book  for  Students.     Crown  8 vo.    Second  Edition,     Price  12/6. 

"Well-dijKested,  dear,  and  well  written,  the  work  of  a  man  conversant  with  every 
detail  of  his  subject,  and  a  thorough  master  of  the  art  of  teaching.  "—i^n'/uA  MtdUal 

**  Students  preparing  for  examinations  will  hail  it  as  a  perfect  godsend  for  its  con- 
ciseness."— A  thnuntm. 

AITKEN  (William,  M.D.,  F.R.S.) :  The  GROWTH 

OF  THE  RECRUIT,  and  the  Young  Soldier,  with  a  view  to  the 
Selection  of  ^*  Growing  Lads  "  and  their  Training.  Second  Edition  w 
proration, 

"  This  little  work  should  be  in  the  hands  of  all  instnutors  of  youth,  and  all  employers 
of  youthful  labour."— Lancet. 

AITKEN  (William,   M.D.,   F.R.S.)  :    OUTLINE 

FIGURES  OF  THE  TRUNK  OF  THE  HUMAN  BODY,  on 
which  to  indicate  the  areas  of  physical  signs  in  the  Clinical  Diagnosis  of 
Disease.    For  the  use  of  Students  and  Practitioners  of  Medicine.    l/6. 


ANSTED     (Prof.,    M.A.,   F.R.S.)  :     NATURAL 

HISTORY  OF  THE  INANIMATE  CREATION,  recorded  in  the 
Structure  of  the  Earth,  the  Plants  of  the  Field,  and  the  Atmospheric 
Phenomena.    With  numerous  Illustrations.    Large  post  8vo.    Cloth,  8/6. 


BAIRD   (W.,   M.D.,   F.L.S.,   late  of   the    British 

Museum) : 

THE  STUDENT'S  NATURAL  HISTORY  ;  a  Dictionary  of  the 
Natural  Sciences  :  Botany,  Conchology,  Entomology,  Geology,  Miner- 
alogy.  Palaeontology,  and  Zoology.  With  a  Zoological  Chart,  showing 
the  Distribution  and  Range  of  Animal  Life,  and  over  two  hundred  aoo 
fifty  Illustrations.    Demy  8vo.    Cloth  gilt,  io/6. 

"  The  work  is  a  verr  useful  one,  and  will  contribute,  by  its  cheapness  and  conpfc- 
fostcr  the  extending  taste  for  Natural  Sataot."-'tyestmuHtter  Xevtemt. 


hensiveness,  to 


BROWNE  (Walter  R.,  M.A.,  M.  Inst.  C.E.,  M.  Inst. 

M.E.,  late  Fellow  of  Trinity  College,  Cambridge) : 

THE  STUDENT'S  MECHANICS  :  An  Introduction  to  the  Study 
of  Force  and  Motion.  With  Diagrams.  Crown  8vo.  Cloth.  (AVar^ 
rdoefy). 

BROWNE  (Walter  R.,  M.A.) :  THE  FOUNDA- 
TIONS OF  MECHANICS.  Papers  re-printed  from  the  '' Enginarr 
In  crown  8vo.    Pncc  i  -. 
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WORKS  by  A.  WYNTER    BLYTH,   M.R.C.S.,    F.C.S., 

rDevoQ,andJ 
Mar^eboDC 


Pahlk  Analyst  for  the  County  of  Devoo,  and  Medical  Officer  of  Health  for 


HYGIENE   AND  PUBLIC    HEALTH   (A  Die- 

tionary  of)  :  comprising  over  Seven  Hundred  Articles,  and  embracing  the 
following  subjects ; — 

I. — Sanitary  Chemistry  :  the  Composition  and  Dietetic  Value  of 
Foods,  with  the  latest  Processes  for  the  Detection  of  Adulterations. 

II. — Sanitary  Engineering  :  Sewage,  Drainage,  Storage  of  Water, 
Ventilation,  Warming,  etc 

III.— Sanitary  Legislation  :  the  whole  of  the  PUBLIC  HEALTH 
ACT,  together  with  sections  and  portions  of  other  Sanitary 
Statutes  (writhout  altciation  or  abridgment,  save  in  a  few  un- 
important instances),  in  a  form  admitting  of  easj  and  rapid 
reference. 

IV. — Epidemic  and  Epizootic  Diseases  :  their  History  and  Pro- 
pagation, with  the  Meastu'es  for  Disinfection. 

v.— Hygiene — Military,  Naval,  Private,  Public,  School. 
Roval  8vo.,   672   pp.,  cloth    bevelled,  with    Map,   Diagram,  and    140 
Illustrations,  price  28/-. 


"  A  work  that  must  have  entailed  a  vast  amount  of  labour  and  research    .    .    Wm  be 
Ibtmd  of  extreme  value  to  all  who  art  specially  interested  in  Sanitation.     It  is  mare  tbsji 

Sofaable   that   it    will    become    a    Standard     Work    in   HvcikNK  amdPt&lj^. 
iLKLrH:'—Medic€a  Times  attd  GaxetU. 


RE-ISSUE  of  BLYTHS  *' PRACTICAL  CHEMISTRY,' 

In  two  volumes. 
Vol.    I. — Foods  :  their  Composition  and  Analysis.     (Ready,) 
Vol.  II. — Poisons  :  their  Effects  and  Detection.    (At  Prtss.) 


Thb  First  Volume,  "  Foods  "  (thorongfalT  revised  and  re-written,  and  cnlai|^  by  tbe 
addition  of  New  Matter  to  more  than  doable  the  number  of  pages  allotted  to  tbe 
subject  in  the  original  work)  is  Now  Ready. 

In  the  New  ^ition  will  bte  found  a  large  number  of  Scientific  Ptocesses,  vkdxt 
invented  or  improved  by  the  Author,  and  not  previously  published ;  toeetbcs-  «u!i 
Numerous  Illustrations  from  original  drawings.  Many  Tables — some  of  whidb  are 
indispensable,  and  others  convenient— have  aim  been  introduced ;  and  an  Article  oa 
Water  has  been  added  by  request. 

GENERAL  CONTENTS. 

History  of  Adulteration — Legislation,  Past  and  P!resent — Apparatus  uselbl  to  the 
Food  Analyst — "  Ash*' — Sugar — Confectionery— Hooey — Treacle— Jams  and  Preened 
Fruits— Starches -Wheaten- Flour— Bread— Oats— Barley— Rye— Kice--Maiae—M  I  et 
"Potato— Peas— Chinese  Peas — Lentils— Beans — Mtuc— Cream — Butter — Cheese—  Tea 
—Coffee — Cocoa  and  Chocolate — Alcohol — Brandy — Rum— Whisky — Gin — ^Aiiatk— 
Liqueurs — Beer — ^Wine — Vinegar— Lemon  and  Lime  Juice — Mustard — Peppci — Sw«rt 
and  Bitter  Almond  —  Annatto— Olive  Oil— Water— -Text  of  English  and  * 
Adulteration  Acts. 

In  Crvwm  8tv.,  cleik,  witA  BlahoraU  Tables^  Feidit^  LM^-PUU^ 

Frpntisftece^  ^rite  lor. 

*'WiII  b«  HMd  by  every  Analyst**— ^^my/. 
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THE    CIRCLE    OF    THE    SCIENCES: 

A    SERIES   OF   POPULAR   TREATISES 

ON     THE     NATURAL     AND     PHYSICAL     SCIENCES, 

And    THEIR    APPLICATIONS, 
BY 

Professors  OwEN,  Ansted,  Young,  and  Tennant  ;  Drs.  Latham,  Edward 

Smith,  Scoffern,  Bushnan,  and  Bronner  ;  Messrs.  Mitchell,  Twisden, 

Dallas,  Gore,  Imray,  Martin,  Sparling,  and  others. 

Complete  in  nine  volumes,  illustrated  with  many  thousand  £ng;raviD|g[8  on 
Wood.     Crown  8vo.     Cloth  lettered.     5- each  volume. 


Vol.  I.— organic  NATURE.— Part  I.  Animal  and  Vegetable  Physiology: 
the  Skeleton  and  the  Teeth  ;  Varieties  of  the  Human  Race  ;  by  Professor 
Owen,  Dr.  Latham,  and  Dr.  Bushnan. 

Vol.  a.— ORGANIC  NATURE.— Part  II.  Structural  and  Systematic 
Botany,  and  Natural  History  of  the  Animal  Kingdom — Invertebrated 
Animals  \  by  Dr.  EDWARD  Smith  and  WiLLlAM  S.  Dallas,  F.L.S. 

Vol.  3— ORGANIC  NATURE.— Part  III.  Natural  History  of  the  Animal 
Kingdom— V^ertebrated  Animals  :  by  WiLLlAM  S.  Dallas,  F.L.S. 

Vol.  4.— inorganic  NATURE.— Geology  and  Physical  Geography, 
Crystallography  ;  Mineralogy  ;  Meteorology,  and  Atmospheric  Pheno- 
mena;  by  Professor  Ansted,  Rev.  W.  Mitchell,  M.A.,  Professor 
Tennant,  and  Dr.  Scoffern. 

Vol.  5.— practical  ASTRONOMY,  NAVIGATION,  AND  NAUTI- 
CAL ASTRONOMY  ;  by  Hugh  Breem,  Greenwich  Observatory,  Pro- 
fessor Young,  and  E.  J.  Lowe,  F.R.A.S. 

Vou  6.— ELEMENTARY  CHEMISTRY.— The  Imponderable  Agents  and 
Inorganic  Bodies,  by  John  Scoffern,  M.D. 

Vol.  7.— practical  CHEMISTRY—Monomphs  on  Electro-MeUlIurgy; 
the  Photoeraphic  Art ;  Chemistry  of  Food  and  its  Adulterations ;  and 
Artificial  Light ;  by  George  Gore,  Birmingham,  John  Scoffern, 
M.D.,  Dr.  Edwaru  Bronner,  Bradford,  Marcus  Sparling,  and 
John  Martin. 

Vol.  8.— MATHEMATICAL  SCIENCE.— Philosophy  of  ArithmeUc  ; 
Algebra  and  its  Solutions ;  Plane  Geometry ;  Logarithms  ;  Plane  and 
Spherical  Trigonometry  ;  Mensuration  and  rractical  Geometry,  with  use 
of  Instruments  ;  by  Professor  Young,  Rev.  J.  F.  TwiSDEN,  M.A.,  Sand* 
hurst  College,  and  ALEXANDER  Jardinb,  C.E. 


Walter  Mitchell,  M.A.,  J.  R.  Young,  and  John  Imray. 
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In  Separate  Treatises.    Cloth. 


s.   d. 

1.  Ansted's  Gcolc^  and  Physical  Geography     .         .         .'^26 

2.  Breem's  Practical  Astronoiny 26 

3.  Bronner  and  ScOFFERN's  Chemistry  of  Food  and  Diet ' 

4.  Bushnan's  Physiology  of  Animal  and  VcgeUblc  Life 

5.  Gore's  Theory  and  Practice  of  Electro-Deposition   . 

6.  Imray's  Practical  Mechanics 

7.  Jardine'S  Practical  Geometiy 

8.  Latham's  Varieties  of  the  Human  Species 

9.  Mitchell  &  Tennant's  Crystallography  and  Mincralo^ 

10.  Mitchell's  Properties  of  Matter  and  Elementary  Statics 

11.  Owen's  Principal  Forms  of  the  Skeleton  and  the  Teeth  . 

12.  Scoffer n's  Chemistry  of  Heat,  Light,  and  Electricity     . 

13.  Scoffern's  Chemistry  of  the  Inorganic  Bodies 

14.  Scoffern's  Chemistry  of  Artificial  Light 

15.  SCOFFERN  and  Lowe  S  Practical  Meteorology  . 

16.  Smith's  Introduaion  to  Botany :  Structural  and  Systematic 

17.  Twisden's  Plane  and  Spherical  Trigonometry. 

18.  TwiSD^N  on  Logarithms 

19.  Young's  Elements  of  Algebra 

20.  Young's  Solutions  of  Questions  in  Algebra 

21.  Young's  Navigation  and  Nautical  Astronomy  . 

22.  Young's  Plane  Geometry 

23.  Young's  Simple  Arithmetic 

24.  Young's  Elementary  Dynamics 
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DALLAS   (W.  S.,   F.L.S.): 

A    POPULAR    HISTORY    OF    THE    ANIMAL    CREATION  : 

being  a  Systematic  and  Popular  Description  of  the  Habits,  Structure,  ari 
Classification  of  Animals.  With  coloured  Frontispiece  and  many  hucdrc. 
Illustrations.    Crown  8vo.     Cloth,  8/6.    New  Edtiion. 

DOUGLAS     (John    Christie,    Mem.    Soc.    Tel.- 

Engineers,  East  India  Govt  Telegraph  Department,  &c)  : 

A  MANUAL  OF  TELEGRAPH  CONSTRUCTIOX  :  Trf 
Mechanical  Elements  of  Electric  Telegraph  Engineering.  For  the  u^: 
of  Telegraph  Engineers  and  others.  Witn  numerous  Diagrams.  Oc^r 
8vo.,  cloth,  bevelled,  15/-.     Second  Edition, 

*,*  Puihshed  wUh  the  Approval  of  the  Dtrector-Getural  of  TeUgreipks  9 
Tttdui, 

GENERAL  CONTENTS. 
Part  L — General  Principles  of  Strength  and  Stabiltti 

Part  IL— Properties  and    Applications    of 
Operations,  and  Manipulation. 
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Douglas's  Telegraph  Construction— /'f<wi/w»ir/</j. 

Part  III. — Telegraph  Construction,  Maintenance  and 
Organisation. 

"Mr.    Douglas  deserves  the  thanks  of  Telegraphic    Engineers  for  the  excellent 

*  Manual '  now  before  us         ...    he  has  ably  supplied  an  existing  want 

the  subject  is  treated  with  great  clearness  and  judgment  ....  good  practical 
information.  Riven  in  a  clear,  terse  style." — Bngineermg, 

*'  Mr.  Douglas's  work  is,  we  believe,  the  first  of  its  kind The  author  is 

evidently  a  practical  Telegraphic  Engineer.  •  .,  .  •  The  amount  of  information  given 
b  such  as  to  render  this  volume  a  most  useful  guide  to  any  one  who  may  be  engaged  in 
any  branch  of  Electric-Telegraph  Engineering.  — AtMenaum. 

**  The  book  is  calculated  to  be  of  ^reat  service  to  Telegraphic  Engineers.  .  .  .  the 
arrangement  is  so  iudicious.  that  with  the  aid  of  the  f uU  table  of  contents,  reference  to 
any  special  point  should  be  easy." — Irvn. 


GRIFFIN  (John  Joseph,  F.C.S.): 

CHEMICAL  RECREATIONS  :  A  Popular  Manual  of  ExperimcnUl 
Chemistry.  With  540  Engravings  of  Apparatus.  Crown  4to.  Cloth. 
TnilA  EdUum, 

Part  I.    Elementary  Chemistry,  price  2/-. 

'  Part  II.    The  Chemistry  of  the  Non-Metallic  Elements,  including  a 
Comprehensive  Course  of  Class  Experiments,  price  zo/6. 

Or,  cpmplete  in  one  volume,  cloth,  gilt  top,  12/6. 

GURDEN    (Richard    Lloyd,  Authorised   Surveyor 

for  the  Governments  of  New  South  Wales  and  Victoria) : 

TRAVERSE  TABLES  :  computed  to  Four  Places  Decimals  for  every 
Minute  of  Angle  up  to  100  of  Distance.  For  the  use  of  Surveyors  and 
Engineers.     In  folio,  strongly  half-bound,  price  30/-. 

*  *   Published  with    Concurrence  of  the   SurveyorS'General  for    New    Somth 
Wcues  and  Victoria, 

**  Mr.  Gurd^  is  to  be  thanked  for  the  extraordinary  labour  which  he  has  bestowed  00 

fibqlitating  the  work  of  the  Stweyor An  almost  unexampled  instanrr  <A  |ao- 

fessional  and  literary  industry." — Athetueum, 

*'  Those  who  have  experience  in  exact  Survey-work  will  best  know  how  to  apprectate 
the  enormous  amount  of  labour  represented  by  this  valuable  book.  The  computations 
enable  the  user  to  asceruin  the  sines  and  cosines  for  a  distance  of  twelve  miles  to  within 
half  an  inch,  and  this  by  reperbncb  to  but  One  Tabue,  in  {>laceof  the  usual  Fifteen 
minute  computations  required.  This  alone  is  evidence  of  the  assistance  which  the  Tables 
ensure  to  every  user^  and  as  every  Surveyor  in  active  practice  has  felt  the  want  of  such 
assistance,  few  knowing  of  their  publication  will  remain  without  them." — ErngtMeer. 

"  We  cannot  sufficiently  admire  the  heroic  patience  ot  the  author,  who,  in  order  to 
prevent  error,  calculated  each  result  by  two  different  modes,  and,  before  the  work  wm 
finally  placed  in  the  Printers'  hands,  repeated  the  operation  for  a  third  time,  00  revisiDg 
th«  pcxwfik — Engituering. 

"lip  to  the  present  time,  no  Tables  for  the  use  of  Surveyors  have  been  prepai«d, 
which,  in  minuteness  of  detail,  can  be  compared  with  those  compiled  by  Mr.  Gurdcn. 

With  the  aid  of  this  book,  ike  tot  I  0/ calculation  is  reduced  to  a  smmtmum  ; 

and  not  only  is  time  saved,  but  the  risk  of  error  is  avoided.  Mr.  Gurden's  book  has  bot 
to  be  known,  and  no  Engineer's  or  Architect's  oflke  will  be  without  a  copy." -^Afthiteci. 

**  A  valuable  acquisition  to  those  employed  in  extensive  surveys." — Building  Newt. 

"These  Tables  au«  characterised  by  absolute  simplicity,  and  the  saving  of  time 

effected  by  their  use  is  most  material Evenrone  connected  with  Engineering 

or  Survey  should  be  made  aware  of  the  existence  ol  this  elaborate  and  usetul  set  01 
Tables.**— ^wfilii^. 
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LEAKED    (Arthur,  M.D.,    F.R.C.P.,  late   Senior 

Physician  to  the  Great  Northern  Hospital) : 

IMPERFECT  DIGESTION  :  Its  Causes  and  Treatment  Post  8vo. 
Cloth,  4/6.     Seventh  Edition. 

*'  It  now  constitutes  about  the  best  work  on  the  subject." — Lamcet. 

"  Dr.  Leared  has  treated  a  most  important  subject  in  a  practical  spirit  and  pofmlar 
manner." — Medical  Times  and  Gazette. 

LINN  (S.  H.,  M.D.,  D.D.S.,  Dentist  to  the  Imperial 

Medico-Chirurgical  Academy  ol  St.  Petersburg) : 

THE  TEETH  :  How  to  preserve  them  and  prevent  their  Decay.  A 
Popular  Treatise  on  the  Diseases  and  the  Care  of  the  Teeth.  With 
Plates  and  Diagrams.    Crown  8vo.     Cloth,  2/6. 

"All  who  value  their  teeth— {and  who  does  not?)— should  study  this  practical  Iktle 
book." 

MOFFITT    (StafF-Assistant-Surgeon  A.,  late  of  the 

Royal  Victoria  Hospital,  Netley) : 

A  MANUAL  OF  INSTRUCTION  FOR  ATTENDANTS  ON 
THE  SICK  AND  WOUNDED  IN  WAR.  With  numerous  Illustra- 
tions.   Post  8vo.    Cloth,  5/-. 

•^*  Published  under  the  sanctum  of  the  National  Societfjor  Aid  to  the  Sick  and 
Wounded  in  War. 

"A  work  by  a  practical  and  experienced  author.  After  an  explicit  chapter  00  the 
Anatomy  of  the  Human  Body,  du«cdons  are  given  concerning  bandaging,  dressing  of 
sores,  wounds,  &c.,  assistance  to  wounded  on  field  of  action,  stretchers,  mule  Utters, 
ambulance,  transport,  &c.  All  Dr.  Moffitt's  instructions  are  assisted  by  weil-«xecated 
illusiradons."— /W/«r  O/iitioH. 

NAPIER  (James,  F.R.S.E.,    F.C.S.): 

A  MANUAL  OF  ELECTRO-METALLURGY.  With  numerous 
illustrations.    Crown  8vo,  cloth  7/6.    Fifth  EditioHy  revised  and  enlarged, 

GENERAL  CONTENTS. 

I.— History  of  the  Art.  |       VI.— Deposition  of  Mktals  upas 

II.— Description  of  Galvanic  Battbribs  another. 

and  their  Respbctivb  Peculiarities.     .J:***'"?''**-^"*^?*-*'''''*^ 
HI.— Electrotype  Processes. 
IV.— Bronzing, 

v.— Miscellaneous  Applications  of  the 
Process  of  Coating  with  Copper. 


VI 1 1.— Electro-Gildi  N&. 
IX.— Results  of  Experiments  on  tJbe 
Deposition  of  other  Metals  as 
Coatings. 
X.— Theoretical  Obsbstatioms. 


"^  ^b  '^*'  ^  become  an  established  authority  on  Electio-MeesDiirgT.  an  ait 
which  has  been  of  unmense  use  to  the  Manufacturer  in  ectmmnstme  the  ^mm&v  mftk, 
^rictous  mttaU  abwrUd,  and  in  ejrtmdimt  the  tat,  a/ Art  Mem^mciMrn7^,ZJl 
tS^t^^-r^Sii/T^"^!^^^  *  valuable  Wbook  00  the  s«bj«:t  00  which  k 


^.  J^  ^^.^l^^-  Napier's  Treatise  having  reached  a  rirrH  bditiok  is  cood  rridcKs 
of  an  appreciation  of  the  Author's  mode  ofuvatias  his  subject  V^lz!~^ 
and  oractical  little  Manual  "—/««  ^"mua^  ois.miojccc a  rety  bsc&I 
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NAPIER    (James,   F.R.S.E.,   F.C.S.)  : 

A  MANUAL  OF  THE  ART  OF  I)YKI^fG  AND  DYKING 
RECEIPTS.  Illustrated  by  Diagrams  and  Numerous  Spcrimcrw  of 
Dyed  Cotton,  Silk,  and  Woollen  Fabrics.  Demy  8vo.,  ciolh,  a  I/-. 
Third  Edition^  thoroughly  revised  and  greatly  enlarged. 


GENERAL  CONTENTS; 


I.— Heat  and  Light. 
II.— A  CoN-cisE  System  or  Chemistry, 

with  special  reference  to  Dyeing. 
III.— Mordants  and  Alterants. 


IV.— VBr:KTAifi.K    Matters  in  um  Ia  Um 

I>y«-hou4«. 
v.— Animal  liVkH. 

VI  — O/AL-TAR   0>UJURft. 


Appendix— RccEtrrs  for  MANiPULAtioM. 

**The  nomeroas  Dyeing  Receipt*  and  the  ChemJ'Al   I nf^jrmat  100  inriM^A  *r»ll  \m 

exceedingly  valuable  to  the  Practical  Dyer A  SUtma)  //f  n-"*-  *iy  t^i-t^wm  u» 

all  those  who  wish  to  master  their  trade,  and  keep  pace  with  the  »ctAri(ift«,  «ji«rr//v«r.«»  *ff 
the  taoit.''— Journal  0/  Applied  ScUnct. 


In  Preparation.  Demy  8vo.,  Third  Edition  :  thorouj^hly  Revised,  Aw^aur.ud, 

and  in  part  Re^wriiten, 

^   (Vrianttaf  of  (B^eofojg^ 

THEORETICAL   A    PRACTICAL, 

By    JOHN    PHILLIPS,   M.A^    F.B.8., 

Late  PrjCcKor  of  Gtoiojfy  if*  i>*«  L'r..>ert.ty  vf  Oti/j"i. 

KlJlThU   BY 

ROBERT    ETHERIDGE,  F,R.S-, 

Paljeoot'..>x|^ut  tv  th«  Geo.'/-/  -;».  S.'.*-/  vf  Gr**.*.  li^.^.'.,  f'fei/C.rti 

HARRY   GOVIER    SEELEV,    F.R^S^ 

n^M  SMmuroms  TalUt,  SectuMi,  and  t  i/utii  ^j CkatttcUniXA  f-vt^iU^ 


i6  CHARLBS  QRIPFW  A    C0MPANT8 

PHILLIPS  (J.  Arthur,  M.  Inst.  C.E.,  F.C.S.,  F.G.S., 

Ancien  El^ve  de  I'EcoIe  des  Mines,  Paris) : 

ELEMENTS  OF  METALLURGY  :  a  Practical  Treatise  on  the 
Art  of  Extracting  Metals  from  their  Ores.  With  over  Two  Huodred 
Illustrations,  many  of  which  have  been  reduced  from  Working  Drawings. 
Royal  8vo.,  764  pages,  cloth,  34/-. 

GENERAL    CONTENTS : 
L — A  Treatise  on  Fuels  and  Refractory  Materials. 
IL — A  Description  of  the  principal  METALLIFEROUS  MINERALS,  with 
their  DISTRIBUTION, 
in. — Statistics  of  the  amount  of  each  Metal  annually  produce^ 
throughout  the  World,  obtained  from  official  sources,  or,  where 
this  has  not  been  practicable,  from  authentic  private  informatics. 
IV. — ^The  Methods  of  Assaying  the  different  Ores,  together  wiih 
the  Processes  of  Metallurgical  Treatment,  comprising : 

Refractory  Materials.        Antimony.  Iron. 

Fire-Clays.  Arsenic.  Cota.lt. 

Fuels,  &c.  Zinc.  NickeL 

Aluminium.  Mercury.  Silver. 

Copper.  Bismuth.  Gold. 

Tin.  Lead.  Platinum. 

" '  Elements  of  Metallurgy'  possesses  intrinsic  merits  of  the  highest  degree.  Scc^  9 
work  is  precisely  wanted  by  the  great  majority  of  students  and  practical  workers  *^^  ^'^ 

very  compactness  is  in  itself  a  first-rate  recommendation In  our  opmics  tbe 

best  work  ever  written  on  the  subject  with  a  view  to  its  practical  treatment. ' — i^'^si- 
viinster  Rn'irw. 

"ITiere  can  be  no  i>ossibIe  doubt  that  'Elements  of  Metallurgy*  will  be  eapcr'> 
sought  for  by  Students  in  Science  and  Art,  as  well  as  by  Practical  Workers  in  MrCa^v 

.Two  hundred  and  fifty  pages   are  devoted   exclusively   to   the    Metallcrirv  ^' 

Iron,  in  which  every  process  o(^  manufacture   b  treated,  fJid  the  latest  improvesscni- 
accurately  detailed.'  —-Colliery  GuardioH. 

"  ITie  value  of  this  work  is  almost  inestimable.    There  can  be  no  questSoo  that  drr 

amount  of  time  and  labour  bestowed  on  it  is  enormous There   is  ceTtai::^y  no 

Metallurgical  Treatise  in  the  language  calculated  to  prove  of  such  general  utiary  t. 
the  Student  really  seeking  sound    practical    information^  upon    the    subject,  and  rxjc« 
which  i^ves  greater  evidence  of  the  extensive  metallurgical  knowledge  of  its  asthcc 
—iMituHg^  JourfuU, 

PORTER  :  (^Surgeon-Major  J.  H.,  Late  Assistant- 
Professor  of  Military  Surgery  in  the  Army  Medical  School,  and  Hon 
Assoc,  of  the  Order  of  St.  John  of  Jerusalem) : 

THE  SURGEON'S  POCKET-BOOK  :  an  Essay  on  the  Best  Treat- 
ment of  the  Wounded  in  War  ;  for  which  a  Prize  i»"as  awarded  by  Her 
Majesty  the  Empress  of  Germany.  Specially  adapted  to  the  F^tbuc 
Medical  Services.  With  152  illustrations,  i6mo.,  roan,  7^6.  SmxMi 
Edition^  Revised  and  Enlarged, 

"  Every  Medical  Officer  is  recommended  to  have  the  '  Sor^geoo's  Podcet  Book '  by 
Surgeon-Major  Porter,  accessible  to  refresh  his  memory  and  fortify  his  ji  ~ 
PrMs  0/  Field  Service  Medical  Arrangements /or  Afghan  War. 

"A  complete  vade  tnecum  to  guide  the  mihtary  surgeon  in  the  field.^ — J 
Medical  JoumoL 

"A  capital  little  book    .    .    .    of  the  greatest  practical  value.    .    .    .A 
writh  this  Manual  in  his  pocket  becomes  a  man  01  reaouroe  at  ooce.**- 
Revirw, 

*'So  fiilly  Illustrated  that  for  Lav-Rbaders  and  Ambuuvncx-Wouc  it  wOB  prane 
eminently  usefuL" — Medical  Times  and  GoMette. 
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SOIENTIPIO    MANUALS. 

BY 

IV.  J.  MACQUORN  RANKINE,  CI.,  LLD.,  F.R.S., 

Late  Regitts  Professor  of  Civil  Engioeering  in  the  University  of  Glasgow. 

I.  RANKINE  (Prof.) :  APPLIED  MECHANICS 

(A  Manual  of) ;  comprising  the  Principles  of  Statics  and  Cinematics, 
and  Theory  of  Structures,  Mechanism,  and  Machines.  With  numerous 
Diagrams.    Crown  8vo.    Cloth,  ia/6.     TeniA  £dUum, 

"Cannot  fail  to  be  adopted  as  a  text-book.... ^The  whole  of  the  information  is 

so  admirably  arranged  that  there  is  every  facUity  for  reference." — MiutHg  y^urnaL 

II.  RANKINE  (Prof.):   CIVIL  ENGINEERING 

(A  Manual  oO ;  comprising  Engineering  Surveys,  Earthwork, 
Foundations,  Masonry,  Carpentry,  Metal-work,  Roads,  Railways, 
Canals,  Rivers,  Water-works,  Harbours,  &c.  With  numerous  Tables  and 
Illustrations.    Crown  8vo.    Cloth,  1 6/-.     ThirUtnth  Edition, 

"  Far  surpasses  in  merit  every  existing  work  of  the  kind.  As  a  Manual  for  the 
hands  of  the  professional  Civil  Eln^neer  it  is  sufficient  and  unrivalled,  and  even  when 
we  say  this,  we  (all  short  of  that  hi^h  appreciation  of  Dr.  Rankine's  labours  which  we 
should  like  to  express." — The  Er^meer, 

III.  RANKINE  (Prof.)  :     MACHINERY    AND 

MILL  WORK  (A  Manual  of) ;  comprising  the  Geometry,  Motions, 
Work,  Strength,  Construction,  and  Ol^ects  of  Machines,  &c.  Illustrated 
with  nearly  3CX)  Woodcuts.    Crown  8vo.    Cloth,  12/6.    Fourth  Editiom, 

"  Professor  Rankine's  '  Manual  .of  Machinery  and  Millwork '  fully  maintains  the 
high  reputation  which  he  enjoys  as  a  scientific  author ;  higher  praise  it  is  difficult  to 
award  to  any  book.  It  cannot  {ail  to  be  a  lantern  to  the  feet  of  every  eogineer."— 
TA*  Engineer. 

IV.  RANKINE    (Prof.):     THE    STEAM    EN- 

GIN£and  OTHER  PRIME  MOVERS  (A  Manual  of).  With  Diagram  of 
the  Mechanical  Properties  of  Steam,  Folding  Plate,  numerousTables 
and  Illustrations.    Crown  8vo.    Cloth,  12/6.     Ttntk  Edition. 

V.  RANKINE  (Prof.):    USEFUL  RULES  and 

TABLES  for  Engineers  and  others.  With  Appendix  :  Tables,  Tests, 
and  Formula  for  the  use  of  Electrical  Engineers;  comprising 
Submarine  Electrical  Engineering,  Electric  Lighting,  and  Transmission 
of  Power.  By  Andrew  Jamieson,  C.E.,  F.R.5.E.  SixtJk  Edition. 
{Ntarly  Rtady,) 

'*  Undoubtedly  the  most  useful  collection  of  engineering  data  hitherto  pradnoed.'*^ 
'-*— ' —  JoumeU. 


VI.  RANKINE     (Prof.) :      A     MECHANICAL 

TEXT-BOOK.  By  Prof.  Macquorn  Rankine  and  E.  F.  Bamber,  C.E. 
With  numerous  Illustrations.    Crown  8va    Cloth,  9/..    Sicond  Edition. 

"The  work,  as  a  wholfc  U  very  complete,  and  likely  to  prove  invaluable  for  for- 
niihing  a  useful  and  reliable  outline  of  the  subjects  treated  dLT-^Miming  yomnuU. 
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Prof.  Rankine's  Works — (coniimud). 

VII.     RANKINE     (Prof.) :      MISCELLx\NEOUS 

SCIENTIFIC  PAPERS,  from  the  Transactions  and  Proceed  in  g?  of  :b? 
Royal  and  other  Scientific  and  Philosophical  Societies,  and  the  Scien:^*. 
Journals.     Royal  8vo.     Cloth,  price  31/6. 

Part  I. — Papers  relating  to  Temperature,  Elasticity,  and  Expansion  r: 
Vapours,  Liquids,  and  SoHds. 

Part  II. — ^Papers  on  Energy  and  its  Transformations. 

Part  III. — Papers  on  Wave-Forms,  Propulsion  of  Vessels,  &c. 

With  Memoir  by  P.  G.  Tait,  M.A.,  Prof,  of  Natural  Philosophy  in  :b- 
University  of  Edinburgh.  Edited  by  W.  J.  Millar,  C.E.,  Secreiar. 
to  the  Institute  of  Engineers  and  Shipbuilders  in  Scotland.  With  £-r 
Portrait  on  Steel,  Plates,  and  Diagrams. 

"  No  more  enduring  Memorial  of  Professor  R.ankine  could  be  devised  than  the  pcV-c- 
tion  of  these  papers  in  an  accessible  forin.   .   .   The  Collection  is  most  valuable  oa  ai^..^^.::: 
of  the  nature  of  his  discoveries,  and  the  beauty  and  completencjis  of  his  anal^-sis.     .     . 
The  Volume  exceeds  in  importance  any  work  in  the  some  department  published  ia  jc* 
time." — Architect. 

SEATON  (A.  E.,  Lecturer  on  Marine  Engineering 

to  the  Royal  Nsival  College,  Greenwich,  and  Member  of  the  Insiii.»ie 
of  Naval  Architects)  : 

A  MANUAL' OF  MARINE  ENGINEERING:  Comprisine  i>^ 
Designing,  Construction,  and  Working  of  Marine  Machinery.  Wns 
numerous  Illustrations,      (/n  preparation.^ 


SHELTON  (W.  Vincent,  Foreman  to  the  Imperial 

Ottoman  Gun-Factories,  Constantinople)  : 

THE  MECHANIC'S  GUIDE:  A  Hand-Book  for  Engineer  ari 
Artizans.  With  Copious  Tables  and  Valuable  Receipts  for  Pracuja. 
Use.    Illustrated.    Crown  8vo.    Cloth,  7/6. 

GENERAL  CONTENTS. 


Part      V.— Wheel  and  Screw  O.:- 

ting. 
Part     VI. — Miscellaneous  Subjer.^' 
Part   VII.— The  Steam  EngiDC 
Part  VII L— The  Locomotive. 


Part      I. — Arithmetic. 
Part    II. — Geometry. 
Part  III. — Mensuration. 
Part   IV. — ^Velocities  in  Boring  and 
Wheel-Gearing. 

**Thb  Mechanic's  Guidb  will  answer  its  pnzposc  as  completely  as  a 
elaborate  text-  books." — Mining  JaumaL 

"  Ought  to  have  a  place  on  the  bookshelf  of  every  Mechanic*' — Irvm^ 

"  Much  instruction  is  here  given  without  pedantry  or  pretension.'" — BuUder. 

"  A  sine  gnd  nan  to  every  practical  Mechanic." — RaOway  Service  G^aette^ 

*•*  This  Work  is  specially  intended  for  Self-Teachers,  and  places  before  tbe 
concise  and  simple  explanation  of  General  Principles,  together  with  Illi  ' 

adaptation  to  Pxactical  Purposes. 
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THOMSON  (Spencer,  M.D.,  L.R.C.S.  Edinburgh) : 

A  DICTIONARY  of  DOMESTIC  MEDICINE  and  HOUSE- 
HOLD  SURGERY.  Thoroughly  revised  and  brought  down  to  the 
present  state  of  Medical  Science.  With  an  additional  chapter  on  the 
Management  of  the  Sick  Room  ;  and  Hints  for  the  Diet  and  Comfort  of 
Invalids.  Many  Illustrations.  Demy  8vo.,  750  pages.  Cloth,  8/6. 
Fiftetnth  Edition, 

"The  best  and  safest  book  on  Domestic  Medicine  and  Hotisehold  Surgery  which  has 
ytt  appeared." — London  Journal  of  Mtdicint. 

"  Dr.  Thomson  has  fully  succeeded  in  conveying  to  the  public  a  vast  amount  of  useful 
professional  knowledge." — Dublin  Journal  of  Mediced  Science., 

**  Worth  its  weight  in  gold  to  families  and  the  clergy." — Oxford  Herald. 

WYLDE    (James,   formerly    Lecturer   on    Natural 

Philosophy  at  the  Polytechnic) : 

THE  MAGIC  OK  SCIExNCE  :  A  Manual  of  Easy  and  Amusing 
Scientific  Experiments.  With  Steel  Portrait  of  Faraday  and  many  hun- 
dred Engravings.  Crown  8vo.  Cloth  gilt  and  gilt  edges,  5/-.  Third 
EditioH. 

**  Of  priceless  value  to  furnish  work  for  idle  hands  during  the  holidays.  A  thousand 
mysteries  of  Modem  Science  are  here  unfolded.  We  learn  how  to  make  Oxygen  Gas, 
how  to  construct  a  Galvanic  Battery,  how  to  gild  a  Medal  by  Electro-plating,  or  to 
reproduce  one  by  Electrotyping,  how  to  make  a  Microscope  or  take  a  Photograph ;  while 
the  elements  of  Mechanics  are  explained  so  simply  and  clearly  that  the. most  unmechanical 
of  minds  must  understand  them.  Such  a  woric  is  deserving  of  the  highest  praise." — The 
Graphic. 

"  To  those  who  need  to  be  allured  into  the  paths  of  Natural  Science  by  witnessing  the 
wonderful  results  that  can  be  produced  by  well-contrived  experiments,  we  do  not  uow 
that  we  could  recommend  a  more  useful  volume." — AtJun^um, 


flo  CHARLES   GRIFFIN  A    COMPANTS 


Educational   Works. 


BRYCE     (Archibald    Hamilton,    D.C.L.,    LL.D., 

Senior  Classical  Moderator  in  the  University  of  Dublin) : 

VIRGILII  OPERA.  Text  from  Heyne  and  Wagner.  English 
Notes,  original,  and  selected  from  the  leading  German,  American  and 
English  Commentators.  Illustrations  from  the  antique.  Complete  in 
One  Volume.     Fcap.  8vo.    Cloth,  6/-.    FourUaUk  Edition, 

Or,  in  Three  Parts  : 

Part     I.  Bucoucs  and  Georgics       2/6 

Part    II.  The  iCNKiD,  Books  L-VI 2 '6 

Part  III.  The  iENEiD,  Books  VII.-XII.         ...  2/6 

"  Contains  the  pith  of  what  has  been  written  bv  the  best  scholars  oo  the  subject. 
The  notes  comprise  everything  that  the  student  can  want. **— X tkgnammt^ 

**  The  most  complete,  as  well  as  elegant  and  correct  edition  of  Viigil  ever  published 
in  thb  country." — Bducativnal  Times. 

'*  The  best  oonunentary  oo  Virgil  whldi  a  student  can  obtain.*'— ^^^/racoic. 

COBBETT  (William):   ENGLISH  GRAMMAR, 

in  a  Series  of  Letters,  intended  for  the  use  of  Schools  and  Young  Per- 
sons in  general.  With  an  additional  chapter  on  Pronunciation,  by  the 
Author's  Son,  James  Paul  Cobbett.  Fcap.  8vo.  Cloth,  i/6.  (Tke 
omfy  corrtct  and  authorised  Edition,  f 

*'  A  new  and  cheamened  edition  of  that  most  eacceUcnt  of  all  English  GnuBman, 
William  Cobbett's.  It  contains  new  copyright  matter,  as  well  as  includes  the  equal'.y 
amusing  and  instructive  *  Six  Lessons  mtended  to  prevent  Statesmen  firom  wniaig  in 
an  awkward  manner.'" — Atlas. 

COBBETT  (William) :  A  FRENCH  GRAMM  AR, 

Fcap.  8vo.      Cloth,  3/6.    FifUeiUk  Edition. 

**  Bunness  men  commencing  the  study  of  French  will  find  this  treatise  ooe  of  the 
best  aids.........It  is  largely  used  on  the  Continent."— i/t^^^m^  C^mmite^  HtraitL 

COBBETT  (James  Paul) :  A  LATIN  GRAMMAR. 

Fcap.  8ro.     Cloth,  %[-. 

COBBIN'S    MANGNALL:      MANGNALL'S 

•HISTORICAL  AND  MISCELLANEOUS  QUESTIONS,  for  the  uk 
of  Youn^  People.  By  RiCHMAL  Mangnalu  Greatl3r  enlaiiged  mod 
corrected,  and  continued  to  the  present  time,  by  Ingram  Cobbin,  M~A., 
lamo.    Cloth,  4/-.    F^-third  Thomand,    New  lUustraUd  EdMtim^ 

COLERIDGE  (Samuel  Taylor):  A  DISSERTA- 
TION ON  THE  SCIENCE  OF  METHOD.  ( Encrckfttdia  Meip^ 
pQ&tama.)    With  a  Synopsis.    Crown  8vo.    Cloth,  a/-.    Nmtk  EdUmm. 
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CRATE'S  ENGLISH  LITERATURE. 

A  COMPENDIOUS  HISTORY  OF  ENGLISH  LITERATURE  AND 
OF  THE  English  Language  from  the  Norman  Conquest.  With 
numerous  Specimens.  By  GEORGE  LiLLiE  Craik,  LL.D.,  late  ^Professor 
of  History  and  English  Literature,  Queen's  College,  Belfast.  *  In  two 
vols.  ^  Royal  8vo.     Handsomely  bound  in  cloth,  25/-.    New  Edition, 

GENERAL    CONTENTS. 

Introductory. 

I. — The  Norman  Period — The  Conquest. 

II. — Second  English  ^-commonly  called  Semi-Saxon. 

III. — Third  EngDsh — Mixed,  or  Compound  English. 

IV.— Middle  and  Latter  Part  of  the  Seventeenth  Century. 

V. — The  Century  between  the  English    Revolution  and 
the  French  Revolution. 

VI.— The  latter  part  of  the  Eighteenth  Century. 

VI L— The   Nineteenth   Century  {a)  The   Last  Age  of  the 

Georges.? 
{b)  The  Victorian  Age. 

With  numerous  Excerpts  and  Specimens  of  Style, 

"Anyone  who  will  take  the  trouble  to  ascertain  the  fact,  will  find  how  completely 
even  our  great  poets  and  other  writers  of  the  last  generation  have  already  faded  from 
the  view  of  the  present^  with  the  most  numerous  dau  of  the  educated  and  reading 
public     Scarcely  anything  is  generally  read  except  the  publications  of  the  day.   Vbt 

NOTHING  IS   MORE  CKKTAIN  THAN   THAT  NO  TKt'B  Cl'LTlVATION   CAN   BB  SO  ACQUIBBD. 

This  is  the  extreme  case  of  that  entire  ignorance  of  history  which  has  been  afiirmedi 

not  with  more  point  than  truth,   to  leave  a  person  always  a  child 

The  oresent  work  combines  the  History  op  the  Litekaturb  with  the  History  or 
THE  Langl'acb.  llie  scheme  of  the  course  and  revolutions  of  the  language  which  b 
followed  here  is  extremely  simple,  and  resting  not  upon  arbitrary  but  upon  natural 
or  real  distinctions,  gives  us  the  only  view  of  the  subject  that  can  claim  to  be  regarded 
as  of  a  scientific  <McncXia"— Extract  from  the  Autk^r's  Fre/ncg, 

**  Professor  Craik's  book  going,  as  it  docs,  through  the  whole  history  of  the  langoaga, 
probably  takes  a  place  <]uite  by  itsel£  lite  great  value  of  the  book  is  its  thorough 
comprehensiveness.  It  is  always  clear  and  straightforward,  and  deals  not  in  theoncs 
but  m  facts." — Saturday  Review. 

**  Professor  Craik  has  succeeded  in  making  a  book  more  than  usually  agreeabte.'  — 
TJU  Times. 

CRAIK  (Prof.):     A  MANUAL  OF  ENGLISH 

LITERATURE,  ior  the  use  of  Colleges,  Schools,  and  Civil  Service 
Examinations.  Selected  from  the  larger  work,  by  Dr.  Craiil  Crown  8vo. 
Cloth,  7/6.    Eighth  Edition, 

"A  Manual  of  English  Literature  from  so  experienced  and  well-read  a  scholar  as 
Profcsaor  Craik  needs  no  other  recommendatioo  than  the  mention  of  its  existence. "~ 
spectator. 

"This  augmented  cflbrt  will,  we  doubt  not,  be  received  with  decided  approbation 
by  those  who  are  entitled  to  iudge,  and  studied  with  much  profit  by  thfj«e  who  want 
to  learn......  If  our  young  readers  will  give  healthy  perusal  to  Ur.  Craik*  wtM-k,  they 

will  greatly  benefit  by  the  wide  ana  sound  views  he  has  placed  before  ihML"— 
AthetuKum. 
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WORKS  by  CHARLES  T.  CRUTTWELL,  M.A.. 

Fellow  of  Melton  College,  Oxford,  and  Head  Master  cS  Malvern  CoOege. 

I.— A  HISTORY  OF  ROMAN  LITERATURE  :  from  the  Earliest 
Period  to  the  Times  of  the  Antonines.  Crown  8vo.  Cloth  bevelled,  8,6. 
Tkird  Edttiott, 

"Mr.  Ckl'ttweu.  has  done  a  real  service  to  all  Students  of  the  Latin  Tangnage 
and  Literattire.    ...     Full  of  good  scholarship  and  good  critkasm." — Atkeiuntm. 

**  A  most  serviceable — indeed,  indispensable— guide  for  the  Student.  ...  .  The 
'general  reader'  will  be  both  charmed  and  ias^inacitd."— Saturday  Revirm. 

"The  Author  undertakes  to  make  Latin  Literature  interesting,  amd  he  has  soc- 
ceeded.    There  is  not  a  dull  page,  in  the  volume." — Academy. 

*'  The  great  merit  of  the  work  b  its  fulness  and  accuracy.  '—Guardian, 

"  Tlus  elaborate  and  very  careful  work,  in  every  respect  of  high  merit.  Nothing  at 
all  equal  to  it  has  hitherto  been  published  in  England.*  — British  Quarttriy  Xrtnew. 

Companion  Voinmt.     Second  Edition. 

H.—SPECIMENS  OF  ROMAN  LITERATURE:  from  the  Earliest 
Period  to  the  Times  of  the  Antonines.  Passages  from  the  Works  ot 
Latin  Authors,  Prose  Writers  and  Poets  : 

Part  I.— Roman  Thought  :  Religion,   Philosophy  and    Science, 

Art  and  Letters.     Price  6/-. 
Part  II. — Roman  Stvxe  :  Descriptive,  Rhetorical,  and  Humorous 
Passages.     Price  5/-. 

Or  in  One  Volume  complete,  iq  6. 

Edited   by  C.   T.  Cruttwell,   M.A.,  Mcrton   College,   Oxford  j  ani 
Peaks  Banton,  M.A.,  some  time  Scholar  of  Jesus  Collie,  Cambridge. 

"'Specimens  of  Roman  Literature*  marks  a  new  era  in  the  study  of 
Engliik  Ckurtfunan. 

"  A  work  which  is  not  only  useful  but  necessary.    ....     The  plan  gi^ 
standing-fntHind  of  its  own.    ....    The  sound  jud|^ent  exercised  in  plan  ;.!. . 
selection  calls  for  hearty  commendation." — Saturday  Rmrm. 
"  It  is  hard  to  conceive  a  completer  or  handier  repertory  of  qwximcns  of  Tr*<^^ 
thought  and  iX:^\it.''— Contemporary  Review. 

CURRIE  (Joseph,  formerly  Head  Classical  Master 

of  Glasgow  Academy)  : 

HORATII  OPERA:  Text  from  Orellius.    English  notes,  orif^nal. 
and  selected  from  the  best  Commentators.    Illustrations  from  the  antique. 
Complete  in  One  Volume,  fcap.  8vo,  cloth,  5/-. 
Or  in  Two  Parts  : 

Part    I.   Carmina  3/- 

Part  II.  Satires  and  Epistles         ...    3/- 

"The  notes  are  excellent  and  exhaustive."— ^wor/rr^  Jourmai  of  Edmcatiotu 

CURRIE      (Joseph) :         EXTRACTS       FROM 

CAESAR'S  COMMENTARIES;  containing  his  description  of  Gaal 
Britain,  and  Germany.  With  Notes,  Vocabulary,  &c.  Adapted  f^r 
Young  Scholars.  i8mo.  Cloth,  1/6.    Fourth  Edition. 

D'ORSEY  (Rev.  Alex.  J.  D.,  B.D.,  Coq)us  Christi 

Coll.,  Cambriage,  Lecturer  at  King's  College,  London)  :       • 

SPELLING  BY  DICTATION :  Progressive  Exercises  in  Eni^lish 
Orthography,  for  Schools  and  Civil  Ser^'ice  Examinations.  iSibj- 
Cloth,  I/..     SixUentk  Tkomnnd, 
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FLEMING    (William,    D.D.,    late    Professor  ;  of 

Moral  Philosophy  in  the  University  of  Glasgow)  : 

THE  VOCABULARY  OF  PHILOSOPHY :  Mental,  Moral, 
AND  Metaphysical.  With  Quotations  and  References  for  the  Use  of 
Students.  Revised  and  Edited  by  Henry  Calderwood,  LL.D.,  Pro- 
fessor of  Moral  Philosophy  in  the  University  of  Edinburgh.  Crown 
8vo.     Cloth  bevelled,  10/6.     Third  Edition^  tnlarged. 

'*  An  admirable  book.  .  .  .  In  its  present  shape  will  be  welcome,  not  only  to 
Students,  but  to  many  who  have  long  since  passed  out  of  the  class  of  Students, 
popularly  so  oai^tA,"  — Scotsman, 

McBURNEY     (Isaiah,      LL.D.) :       EXTRACTS 

FROM  OVID'S  METAMORPHOSES.  With  Notes,  Vocabulary,  &c. 
Adapted  for  Young  Scholars.     i8mo.     Cloth,  1/6.     Third  Edition. 

MENTAL     SCIENCE:      SAMUEL    TAYLOR 

COLERIDGE'S  Celebrated  Essay  on  METHOD;  Archbishop 
Whately's  Treatises  on  Logic  and  Rhetoric.  Crown  8vo.  Cloth, 
5  '•.     Tinth  Edition. 

WORKS     BY     WILLIAM     KAMSAY,     M.A., 

Trinity  College,  Cambridge,  late  Professor  of  Humanity  in  the  University  of  Glasgow. 

A    MANUAL    OF    ROMAN     ANTIQUITIES. 

For  the  use  of  Advanced  Student*.  With  Map,  130  Kngravin;;*,  and 
very  copious  Index.  Revised  and  en!arg:ed,  with  an  a'idiijimal  Chapter 
on  Roman  Agriculture.     Crown  8vo.     Cloth,  8  6.     Tutlfth  Editii-n. 

GENERAL  CONTENTS. 

I. — The  Topography  of  Rome. 

IF. — The    Origin    of    the    Roman    People;    their    PoIi:ical    and    Social 

Organization  ;  Religion  ;  Kalendar  ;  and  Priiate  Life. 

III. — General     Principles     of    the    Roman    C'jnstiiution  ;  the    Ri^'hts    of 

Different    Classes ;     the     Roman     Law     and     Admir.istratioi     of 

Justice. 

IV. — The  Comiiia  ;  Magistrates  ;  the  Senate. 

V. — Military  and   Naval   Afiairs ;    Revenues  ;  Weights   an  J   Measures ; 

Coins,  &c. 

VI. — Public  Lands  ;  Agrarian  F^ws  :  Agrrin/iure,  &c. 

"  Comprises  all  the  reuilu  of  modem  improved  kUM^Urkhip  within  a  mMdcrale  com- 
-  "^Atiunmutm. 


RAMSAY     (Professor) :      AN     ELEMENTARY 

MANUAL  OF  ROMAN  ANTiyCITIhS.     A  lamed  f-^r  Jun.  .r  C-^ses. 
With  Dumerous  Illustrations.    Crawn  bv  j.     Cloth  4  -.      Srxmih  Lduum. 

RAMS 

PROSODY 

For  the 

Crown  &■.»*■.     ^— .- — 1  J    .     -^ ^^..^ww, 

*«Tbcy«  is  00  other  work  00  the  sa^y;cct  worthy  to  oompeU  with  \i.  —AtJirmnm. 

RAMSAY     (Professor) :       AN     ELEMENT  \RY 

MANUAL    OK    LAI    \    \\l<,   ',:,,.    /_ .    ,;      ^,    ;_.    ^  C--ct. 
Crowo  8\  o.     Cioih,  2  -. 
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THE   SCHOOL   BOARD   READERS: 

A  New  Series  of  Standard  Reading-Books. 

EDITED  BY  A  FORMER  H.M.  INSPECTOR  OF  SOHOOI^. 
Adopted  by  many  School  Boards  throughout  the  Country. 


Elementary  Reading-Book,  Part  I. — Containing  Lessons    s.  d. 
in  all  the  Short  Vowel  Sounds.    Demy,  i8mo.,  l6  piges. 
In  stiff  wrapper OX 

Elementary  Reading-Book,  Part  II.— Conuining  the 
Long  Vowel  Sounds  and  other  Monosyllables.  Demy 
i8mo.,  48  pages.    In  stiff  wrapper 02 

Standard  I. — Containing  Reading,  Dictation,  and  Arith- 
metic   Demy  i8mo.,  96  pages.    Neat  cloth    .  .04 

Standard  II. — Containing  Reading,  Dictation,  and  Arith- 
metic   Demy  i8mo.,  128  pages.    Neat  cloth  .      - .        .06 

Standard  III.— Containing  Reading,  Dictation,  and  Arith- 
metic.    Fcap.  8vo.,  160  pages.    Neat  cloth      .        .         .09 

Standard  IV. — Containing  Reading,  Dictation,  and  Arith- 
metic    Fcap.  8vo.,  192  pages.    Neat  cloth       .        •        •     I     o 

Standard  V. — Containing  Reading,  Dictation,  and  Arith- 
metic, with  an  Explanation  of  the  Metric  System  and 
numerous  Examples.  Crown  8va,  256  pages.  Neat 
cloth 16 

Standard  VI. — Containing  Selections  from  the  best  English 
Authors,  chronologically  arranged  (Chaucer  to  Tennyson), 
Hints  on  Composition,  and  Lessons  on  Scientific  Subjects. 
Crown  8vo.,  320  pages.    Neat  cloth  .        .        .        .20 

Key  to  the  Questions  in  Arithmetic,  in  two  parts,  each    o    6 

*^*  Each  Book  of  this  Series  contains  within  itself  all  that  is  necessuy  to 
fulfil  the  requirements  of  the  Revised  Code,  viz.,  Reading,  Spelling,  aod 
Dictation  Lessons,  together  with  Exercises  in  Arithmetic  lor  the  whole  year. 
The  paper,  t>7>e,  and  binding  are  all  that  can  be  desired. 

••TtaB  Books  gbnskallt  akb  vkxv  much  what  wb  should  oasisa 

"The  Scries  is  dscioeolv  onb  or  thx  best  that  baT«  yet  appeared.*—^! 

**  The  choice  of  nuncr  is  exccUeot,  and  so  are  the  method  and  styk.**— ^cAm^ 

**Therx  ake  no  BSTTBit  Rkadixc  Rooks  pvbusksd.     •     .     •     The 
books  are  seins." — E^imc^tHfnai  Ke/ifrier. 

**  Remarkably  fresh  :  most  of  the  old  stereotyped   fonns  hare  bees 
The  Filth  and  Sixth  Books  are  capital  productions,  and  kfrok  a  vahiable  cf«l 
l:lQ£Ush  Liieratxtre." — Ltrtd*  Mtrvmry. 


EDccATioxAL  rri?;;»Mr:.\\\>«v  n 


THE  SCHOOL  BOARD   MANTALS 

On  the  Speofic  Subjects  or  tmk  Kitvi^K^^  iNm^ii* 

BY  A  FORMER  H.M.   INSPfiOTOR  OF  mniOOLHi 

EdUor  o/tAt  "  SckopiBmfii  AW<«W  ^" 

64  pages,  stiff  wrapper,  6«/. ;   nwl  cloth ,   *»»   rs»»  \\ 

V.    ANMMA)     rUWhMOUV        (Wull 
tlln«<«  «<>^t  \\uS  |.^».s^  I  it|i«>4\(M|i',) 


L— ALGEBRA. 
11.— ENGLISH  HISTORY. 
I  XL— GEOGRAPHY. 
IV.— PHYSICAL  GEOGRAPHY. 


VI , 


*,•  The  School  Board  Manuals  contain  aII  \\\^\  \*  \u\\*\\\  i.h  imMliiK 
in  £ztn  Subjects  in  Standards  IV.,  V.,  and  VL 

"These  limple  and  well- graduated  MantmU,  niU|Mw«(  t**  Otf  )«*«|mI»mmii>iiu  mI  ll»« 
New  Code,  are  the   most  elementary  of  rlMnrni)U\    «»•»!.■,    »*m»I   »'*n»tH».ly   «lM«t|t 
They  aie  more  useful   as  practical  guide  Ikr*!**  iIuui   hi<*«t   t«l   k\\¥   •«*•»*»   too|i^tMv«> 
yrork%,"—SiaHdard. 

t 

SENIOR    (Nassau  William,    M.A.,    lute    Profruor 

of  Political  Economy  in  the  Univrrslly  of  Oifoul)  - 

ATREATISE  ON  POLITICAL  hCONoMV  lU  *wIm.^m  ivh.'U 
treats  of  the  Nature,  the  Vrodwi'mu,  hiu\  lli«<  \t\tit\\iu*htu  ot  W'-'''^ 
Crown  8vo.    Cloth,  4/-.    ^jurM  HJtiioH,    (  /uu  yi  h>f*itnUn  Ahh  tfnUfHn**  J 

THOMSON  (James)  :    TIIIC   SKASON...       W.th 

ao  Introduction  and  Note*  by  Hf}My9t  Mrr  I,  iMi^'/r  «/r  o,*  "  /»»     .'.i^ 
Series  of  British  P'.<t«."     F'/'/!v»p  '6,'>.     iA->^U,  1  '#,     //»*/</  /^/./^^ 

"  Aa  adamiMr  iatrodttctwo  I//  t>*«  Mvly  '##  '/t«f  ^^'g'*  ••  <        > « 

WHATELY  (Archbishop):     A   rHK\'tV,i'.  <)U 

LOGIC.    With   5y&'.;rt.»   a"i    /•.>/.     f .I'tfiu   Krt     * .  ■,  ,      ^         /V 


WHATELY  f  Archb;  Jiopi ;     A   TKhVMM;   O'. 

RHETORIC.    W.'.  S,--      *'<,.'./,    ^-,*.    4  ',    '  ,'.     /-^ 


WYLDECJaniCTy:   A   M^;.r;\/,  0>     'AWV.'f^ 

MATIC5.firej.-i  *',-,  •-•:    '•  ,  .  ■        y 


e^v     ^/v-i  ' 


fi'     ^x    i«iV' 
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Works  in  General  Literature. 


BELL  (Robert,  Editor  of  the  "  Annotated  Scries  of 

;,^  British  Poets."): 

GOLDEN  LEAVES  FROM  THE  WORKS  OF  THE  POETS 
AND  PAINTERS.  Illustrated  by  Sixty-four  superb  Engraving  oo 
Steel,  after  Paintings  by  David  Roberts,  Stanfield,  Leslie,  Stot- 
HARD,  Haydon,  Cattermole,  Nasmyth,  Sir  Thom.\s  Lawrence, 
and  many  others,  and  engraved  in  the  first  style  of  Art  by  Findex, 
Greatbach,  Lightfoot,  &c.  4to.  Cloth  eilt,  21/- ;  unique  walnut 
binding,  30/-  ;  morocco  antique,  35/-.     Second  Edition, 

*"  'Golden  Leaves '  is  by  far  the  most  important  book  of  the  season.    The  niostratioa^ 
pi  9  are  really  works  of  art,  and  the  volume  does  credit  to  the  arts  of  England."— vSotenur/ 
Retdew. 

"The  Poems  are  selected  with  taste  and  jadgment. '— TYmvt. 

"The  engravings  are  from  drawings  by  Stothaid,  Newton,  Danby,  Lesfie,  and 
Turner,  and  it  is  needless  to  say  how  charming  are  many  of  the  above  here  giwa." — 
Athemtum. 

CHRISTISON  (John)  :  A  COMPLETE  SYS- 
TEM OF  INTEREST  TABLES  at  3,  4,  4i  and  5  per  Cent. ;  Tables 
of  Exchange  or  Commission,  Profit  and  Loss,  Discount,  Clothiers*,  Malt, 
Spirit,  and  various  other  useful  Tables.  To  which  is  prefixed  the  Mercan- 
tile Ready  Reckoner,  containing  Reckoning  Tables  from  one  thirty- 
second  part  of  a  penny  to  one  pound.  Greatly  enlarged.  i2mo.  Bound 
in  leather,  4/6.    New  Editum, 


THE  WORKS  OF  WILLIAM  COBBETT. 

THE  ONLY  A UTHORISED  EDITIONS. 

COBBETT    (William):     ADVICE    TO  YOUNG 

MEN  and  (incidentally)  to  Young  Women,  in  the  Middle  and  Hi|;1ier 
Ranks  of  Life.  In  a  Series  of  Letters  addressed  to  a  Youth,  a  Bachelor, 
a  Lover,  a  Husband,  a  Father,  a  Citizen,  and  a  Subject.  Fcap.  dvo. 
Cloth,  2/6.    Neu)  Edition,     With  admirabU  Portrait  on  SUsL 

"Cobbett's  great  qualities   were  immense  vigour,  resource,  energy,  and  ooan^e, 
joined  to  a  force  of  understanding,  a  degree  of  logical  power,  and  above  all  a  farce  of 

expression,   which  have  rarely  been  equalled He   was  the  most   *'»*i^»**i   of 

Englishmen." — Saturday  Rnnew. 

"With  all  his  faults,  Cobbett's  style  is  a  continual   refreshment  to  the  lover  of 
*  English  undefUed.'  '*—PaU  MaU  GoMetU, 

COBBETT  (William):  COTTAGE  ECONOMY: 

Containing  information  relative  to  the  Brewing  of  Beer,  Makui(^  of 
Bread,  Keeping  of  Cows,  Pigs,  Bees,  Poultry,  Ac. ;  and  relative  to 
other  matters  deemed  useful  in  conducting  the  afiairs  of  a  Poor  Man's 
Family.  New  Edition,  revised  by  the  Author's  Son.  Fcap.  Sto. 
Cloth  2  6.    EighUentk  Edition. 


GEXERAL   PVBUCATIOyS. 


William  C^aarrr's  Wcaxs— /^ 

COBBETT  (Wm.) :  EDUCATIONAL  WORKS. 


COBBETT  (Wm.) :  A  LEGACY  to  L ABOLTIERS : 

Whii  a  Preface  r-r  lie  A_ti..r  '  S.-.  Jihn  M.  C^liFTT.  -i:«  M  P.  >ir 
OldhuB.    Fcap.  aV;.    Cl-'-i,  :  ^    Art 


Frg-W  ewer  prviif!^  a&f  "^ 


COBBETT  rWm.) :  A  LEGACY   to  PARSONS; 

Or,  hare  ibe  Ott  -f  tie  Erj.-  l-Ji-^i  Ci--:h  as  E^-'ii'.ie  Rigrht  to 
Thhes  aad  Cbsrii  Prsoertr  ?     f  li-    s^  5.     C.-ti,  i  ^.  *  A'rtr  Edttum. 


COBBETT    (Miss    Arne) :       THE      P:NGLISH 

HOUSEKEEPER  :  cr.  Mx"^  f  L— -r^.it  Mi-.a^^'^fr.-'r.t.  (.or.tair.in^ 
Advice  00  tiie  cs-.-i-rt  :-  H-.'-i  A~^ -^  »-^  pM^t.^al  Ir.  T.M.'.t. 
intended  for  the  L**<  i:  Y-.::?  Li-ti  »i.-  --  ^rr-tA<'5  tU  tup«r»riti;;.  >; 'xe 
of  their  own  Hocaekeef -^^.     r  :2f .  ft-*  ^    C^ia,  5  ^' 

COOK'S      VOYAGES.      VOYAGES       ROUND 

THE  WORLD,  by  Caf'-i:-  Cz-XC-     I    - ttnt/t'!  » / h  Mafn  a.vi  :,  -s^r  .^J 


DALGAIRNS(Mrs.):    THE    PRACTICE      OF 

COOKERY,  adapted  v.   -^e   -,'.  --i   vf    Ev^)-!*/   !-.:>.      F:  -    y-i. 


have  been  added  to  tae  ^i'trvirL',  Ei  •-  .r*  ^%l  '*?.  7  »•-*-.-.  at  --*  *  . 
has  bad  adeqvase  aeaii  -A  aaceru^.-.ijf  i/^   t<e   v^.*4...e.      r  .ac    c   ^ 
C1oc1i,26l 


•«  'TkS.  ii  by  ^  4is  MMK  iiwuji  111    9rA  -^'7  9rarr>jft:  Wiarir  wnsr* 

It  «C  %«  fa^n^  u&    '  '«        ^     *  y^M  \  * ^mk^mtiaMjL,    and  »  S" 
to  ikK  aiiBCM  of  a  fa**./       i.  ^iww^/-^  L4Urmy  Jt 
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D'AUBIGNE  (Dr.  Merle)  :   HISTORY  OF  THE 

REFORMATION.  With  the  Author's  latest  additions  and  a  new 
Preface.  Many  Woodcuts,  and  Twelve  Engraving?  on  Steel,  illustrative 
of  the  life  of  Martin  Luther,  after  Labouchere,  In  one  buqge 
volume,  demy  4to.    Elegantly  bound  in  cloth,  2i/-. 

*'  In  this  edition  the  pnindpal  acton  and  scenes  in  the  great  drama  d  the  Sixtcendi 
Century  are  brought  vividly  before  the  eye  of  the  reader,  by  the  skill  of  t^  artist  and 
Engraver. 

DONALDSON  (Joseph,  Sergeant  in  the  94th  Scots 

Regiment) : 

RECOLLECTIONS  OF  THE  EVENTFUL  LIFE  OF  A 
SOLDIER  IN  THE  PENINSULA.  Fcap.Svo.  Cloth,  3/6 ;  gilt 
sides  and  edges,  4/-.    New  Edition, 

EARTH    DELINEATED    WITH     PEN    AND 

PENCIL  (The):  an  Illustrated  Record  of  Voyages,  Travels,  and  Ad- 
ventures all  round  the  World.  Illustrated  with  more  than  two  Hundred 
Engravings  in  the  first  style  of  Art,  by  the  most  eminent  Artists,  including 
several  from  the  master-pencil  of  GusTAVE  Dor£.  Demy  4to,  750  pages. 
Very  handsomely  bound,  21/-. 


MRS.  ELLIS'S   CELEBRATED  V^ORKS 

On  the  Influence  and  Character  of  Women. 

THE    ENGLISHWOMAN'S    LIBRARY : 

A  Series  of   Moral  and  Descriptive  Works.    By  Mrs.  Ellis.     SmaH 

8vo.,  cloth,  each  volume,  3/6. 

I.— THE    WOMEN  OF  ENGLAND :    Their  Social  Duties  and 

Domestic    Habits.     Tkirfy-ninth    Tkmuand. 
3.— THE    DAUGHTERS    OF    ENGLAND:    Their  Position  in 

Society,  Character,  and  Responsibilities.     TweuHtik  Thousamd. 
3.— THE    WIVES    OF     ENGLAND:    Their    ReUUve    Duties, 

Domestic  Influence,  and  Social  Obligations.    Eigkteentk  T^kw. 

santL 
4.— THE  MOTHERS  OF  ENGLAND  :  Their  Influence  aod  Re- 

sponsibilities.      Twentieth   Thousand. 
S.— FAMILY     SECRETS;    Or,  Hints  to  make    Home  Happy, 

Three  vols.      Twenty-third    Thousand, 
6.— SUMMER  AND  WINTER   IN  THE  PYRENEES.     Tenth 

Thousand, 
7.— TEMPER     AND     TEMPERAMENT;    Or,    VarieUes     of 

Character.      Two  vols.      Tenth    Thousand, 
8.— PREVENTION  BETTER  THAN  CURE ;  Or,  The   Moral 

Wants  of  the  World  we  live  in.     Twetfth   Thousamd. 
^.—HEARTS    AND    HOMES ;  Or,  Social    DistincUons.     Three 
vols.     Tenth  Thousand. 
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THE   EMERALD  SERIES 
OF     STANDARD     AUTHORS. 

Illustrated  by  Engravings  on  Steel,  after  Stothard,  Leslie,  David 
Roberts,  Stan  field,  Sir  Thomas  Lawrence,  Cattermole,  &c. 
Fcap.  8vo.    Cloth  gilt. 

"Particular  attention  is  requested  to  this  very  beautiful  series.  The  delicacy  of 
the  engravings,  the  excellence  of  the  typography,  and  the  quaint  antique  head  and 
tail  pieces,  render  them  the  most  beautiful  volumes  ever  issued  from  the  press  of  this 
country,  and  now,  unquestionably,  the  cheapest  of  their  class. 

BURNS'    (Robert)    SONGS    AND    BALLADS. 

With  an  Introduction  on  the  Character  and  Genius  of  Burns.  By 
Thomas  Carlyle.  Carefully  printed  in  antique  type,  and  illustrated 
with  Portrait  and  beautiful  Engravings  on  Steel.  Cloth,  gilt  edges,  3/-. 
Sicond  Thousand, 

BYRON    (Lord):     CHILDE    HAROLD'S    PIL- 

GRIMACE.  With  Memoir  by  Professor  Spalding.  Illustrated  with 
Portrait  and  Engravings  on  Steel,  by  Greatbach,  Miller,  Lightfoot 
&c.,  from  Paintings  by  Cattermole,  Sir  T.  Lawrence,  H.  Howard, 
and  Stothard.  Beautifully  printed  on  toned  paper.  Cloth,  gilt  edges, 
3/-.     Third  Thousand. 

CAMPBELL    (Thomas)  :       THE    PLEASURES 

OF  HOPE.  With  Introductory  Memoir  by  the  Rev.  Charles  Rogers, 
LL.D.,  and  several  Poems  never  before  published.  Illustrated  with  Por- 
trait and  Steel  Engravings.    Cloth,  gilt  edges,  3/-.    Second  Thousand. 

CH  ATTERTON'S      (Thomas)      POETICAL 

WORKS.  With  an  Original  Memoir  by  FREDERICK  Martin,  and 
Portrait  Beautifully  illustrated  on  Steel,  and  elegantly  prints  Cloth, 
gilt  edges,  3/-.    Fourth  Thousand, 

GOLDSMITH'S  (Oliver)  POETICAL  WORKS. 

With  Memoir  by  Professor  Spalding.  Exquisitely  illustrated  with  Steel 
Engravings.  Printed  on  superior  toned  paper.  Cloth,  gilt  edges,  3/-. 
Niw  Editum,    Seventh  Thousand, 

GRAY'S  (Thomas)  POETICAL  WORKS.     With 

Life  by  the  Rev.  John  Mitforo,  and  Essay  by  the  Earl  of  Carlisle. 
With  Portrait  and  numerous  Engravings  on  Steel  and  Wood.  Elegantly 
printed  on  toned  paiper.  Cloth,  gilt  edges,  5/-.  Eton  Edition,  with  thi 
Laim  Poems,    Sixth  ihousand, 

HERBERT'S    (George)     POETICAL    WORKS. 

With  Memoir  by  J.  NiCHOL,  B.A.  Oxon,  Prof,  of  English  Literature  id 
the  University  of  Glasgow.  Edited  by  CHARLES  CowDEN  Clarke. 
Antique  headings  to  each  page.    Cloth,  gilt  edges,  3/-.    Second  Thousand, 
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The  Emerald  Series— fam/mu^d J. 

KEBLE  (Rev  John) :  THE  CHRISTIAN  YEAR. 

With  Memoir  by  W.  Temple,  Portrait,  and  Eight  beautiful  Engravings 
on  Steel.  Cloth,  gilt  edges,  5/-  ;  morocco  elegant,  10/6  ;  malachite,  126. 
Second  Thou5€aul. 

POE'S   (Edgar  Allan)   COMPLETE    POETICAL 

WORKS.  Edited,  with  Memoir,  by  James  Hannay.  Full-page  Illus- 
trations after  Wehnert,  Weir,  &c.  Toned  paper.  Cloth,  gilt  edges,  3  -. 
Thirteenth  Thousand, 

Other  volumes  in  preparation.. 


PINDEN'S    FINE    ART    WORKa 


BEAUTIES    OF     MOORE :      being  a  Series  of 

Portraits  of  his  Principal  Female  Characters,  from  Paintings  by  eminent 
Artists,  engraved  in  the  hi^est  style  of  Art  by  Edward  Findkn,  with 
a  Memoir  of  the  Poet,  and  Descriptive  Letter-press.  Folio.  Cloth  gilt, 
and  gilt  edges,  43/-. 

DRAWING-ROOM    TABLE    BOOK   (The):     a 

Series  of  31  highly-finished  Steel  Engravings,  with  descriptive  Tales  by 
Mrs.  S.  C.  Hall,  Mary  Howitt,  and  others.  Folio.  Cloth  gilt,  and 
gilt  edges,  21/-. 

gallery  of  modern  art  (The)  :   a  Series 

of  31  highly-finished  Steel  Engravings,  with  descriptive  Tales  by  Mr«- 
S,  C.  Hall,  Mary  Hohitt,  and  others.  Folio.  Cloth  gilt,  and  gil; 
edges,  21/-. 

FISHER'S    ready    RECKONER.    The  best  in 

the  World.     i8mo.     Bound,  1/6.    Neva  Edition, 

GILMER'S    INTEREST    TABLES:     Tables  for 

Calculation  of  Interest,  on  any  sum,  for  any  number  of  da3rs,  at  ),  x« 
i^.  2,  2 J,  3,  3 J,  4,  4j,  5  and  6  per  Cent.  By  ROBERT  GiLMEK. 
Corrected  and  enlarged.     i2mo.     Roan  lettered,  5/-.    Sixth  Edition^ 

GRAEME  (Elliott):    BEETHOVEN:   a  Memoir. 

With  Portrait,  Essay  (Quasi  Fantasia)  "  on  the  Hundredth  AnniveT>ary 
of  his  Birth,"  and  Remarks  on  the  Pianoforte  Sonatas,  with  Hints  i 
Students,  by  Dr.  Ferdinand  Hiller,  of  Cologne.    Crown  8vo.     CK  i.-. 
gilt,  elegant,  5/-.     Second  Edition^  slightly  enlarged, 

'*  l*hls  elegant  and  interesting  Memoir The  newest,  prettiest,  ajid  most  readal4e 

sketch  of  the  immortal  Master  of  Music. ' — Musical  Stemaard, 

"A  fpracious  and  pleasant  Memorial  of  the  Centenary."— «S/rr/<i/<»r. 

"'Ihis  delightful  little  book  —  concise,  sympathetic,  judicious.**  —  J//mi«fArT.V'^ 
Examiner, 
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GRAEME   (Elliott):    A  NOVEL  WITH  TWO 

FIEROES.     In  2  vols.,  post  8vo.     Cloth,  21  -.     Second  Editiom, 

"A  decided  Jitemj  success.** — Atktnjtum. 

"Qever  and  amusing above  the  average  even  of  good  novels — .... — free  froa 

senaatjooalism,  but  full  of  interest touches  the  deeper  chords  of  Iife~.._«..delxae»- 

tion  of  character  remarkably  good." — Spectator. 

"  Superior  in  all  respects  to  the  common  run  of  novels." — Daily  AVvx. 

"A  story  of  deep  interest The  dramatic  scenes  are  powerinl  almn**  to  |tmin- 

fulness  in  their  intensity." — Scfftsmatt, 

HOGARTH :  The  Works  of  William  Hogarth,  in 

a  Series  of  One  Hundred  and  Fifty  Steel  Engraving^  by  the  First 
Artists,  with  descriptive  Letterpress  by  the  Rev.  John  Trusler,  ax>d 
Introductory  Essay  on  the  Genius  of  Hogarth,  by  James  H.\nnat. 
Folio.    Cloth,  gilt  edges,  52, 6. 

"The  Philosopher  who  ever  preached  the  sturdy  English  virtues  vbich  have  made 
us  what  we  are." 

KNIGHT    (Charles):     PICTORIAL    G.\LLERY 

(The)  OF  THE  USEFUL  AND  FINE  ARTS.  r.:..>t3:evi  br 
numerous  beautiful  Steel  Engravings,  and  nearly  Fcur  «:ij»;.>i^d 
Woodcuts.     Two  vols.,  folio.    Cloth  gilt,  and  gilt  edges.  4^  -. 

KNIGHT    (Charles):     PICTORIAL    MUSEUM 

(THE)  OF  ANLMATED  NATURE.  Illustrated  with  F.  ;.r  Tr.  -v:.-i 
Woodcuts.     Two  vols.,  folio.     Cloth  gilt,  and  gilt  edgess  55  -- 

MACKETS  FREEMASONRY: 

A  LEXICON  OF  FREEMASONRY.  Containine  a  TVf- v  -  of 
its  Communicable  Terms,  Notices  of  its  History,  Traditi :»-.«.  ir.i  Anti- 
quities, and  an  Account  of  all  the  Rites  and  Mysteries  of  the  A-'.i;r.t 
World.  By  Albert  G.  Mackey,  M.D.,  Secretary -Genera'  .:  :-":e 
Supreme  Council  of  the  U.S.,  &c.  Handsomely  bound  ic  cl.:r,  5-. 
Sixth  Edition, 

*'  Of  Mackey's  Lexicon  it  wonld  be  impo^ible  to  speak  in  loo  h'.ch  te-rr.- :  *-^^-e 
it  to  say,  that,  in  our  opinion,  it  ou(;ht  to  be  in  the  hands  of  even'  M^*.  -^  » "  ^  *  .  >  d 

thoroughly  understand  and  master  our  noble  Science No  M:.>«.'       l.»  ^e  or 

Library  snould  be  without  a  copy  of  this  most  u&eful  work.  * — Manyttic  A  rr.  s. 

HENRT  MATHEWS  CELEBRATED  WORK 
ON  THE  STREET-FOLK  OF  LONDON. 

LONDON    LABOUR    AND    THE    LONDON 

POOR:  A   Cyclopaedia   of  the   Condition   and   Eaminj^>      f  xk.se  :kxt 

wU  toork  and   thosi  thit  cannot  work.     By    Henrv    Mavhf.W.     \V:th 

many  fulUpaj^e  Illustrations  from  Photographs.     In  three  vols.     Demy 

8vo.     Clotn,  46  each. 

"  Every  page  of  the  work  t$  full  of  valuable  infonnatioa,  taid  down  in  so  intcreAin( 
that  the  reader  can  never  tire." — /llmstmted  LomUm  Srwt. 


a  manner  that 

"Mr.  Henry  Mayhew's  famous  record  of  the  habits,  earnings,  and  sufferings  of  the 
London  poor.  — Lhydt  Weekly  London  Sewtpaper, 

"lliis  lemarkable  book,  in  which  Mr.  Mayhew  gave  the  better  classes  their  first 
real  insight  into  the  habits,  modes  of  livelihood  and  current  of  thought  of  the  Loodoa 
poor."— r>fc^  Pntriot, 
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Mr.  Mayhew's  London  \.KBOVK—(cotUimud). 

Th£  Extra  Vobtme. 

LONDON    LABOUR    AND    THE    LONDON 

POOR  •  Thoss  that  will  not  work.  Comprising  the  Non-workers, 
by  Henry  Mayhew  ;  Prostitutes,  by  -Bracebridck  Hemvng  ; 
Thieves,  by  John  Binny;  Beggars,  bv  Andrew  Halliday.  With 
an  Introductory  Essay  on  the  Agencies  at  Present  in  Operation 
in  the  Metropolis  for  the  Suppression  of  Crime  and  Vice,  by  the  Rev. 
William  Tuckniss,  B.A.,  Chaplain  to  the  Society  for  the  Rescue  of 
V^oung  Women  and  Children.  With  Illustrations  of  Scenes  and  Locali- 
ties.    In  one  large  vol.     Royal  8vo.     Cloth,  10/6. 

"The  work  is  full  of  interesting  matter  for  the  casual  reader,  while  the  philan- 
thxopist  and  the  philosopher  wiU  find  details  of  the  greatest  impcct."—C//f  Pr*a. 

Companion  volume  to  the  above, 

THE    CRIMINAL    PRISONS    OF    LONDON, 

and  Scenes  of  Prison  Life.  By  HENRY  Mayhew  and  John  Binny.  Illus- 
trated by  nearly  two  hundred  Engravings  on  Wood,  principally  from 
Photographs.     In  one  large  vol.     Imperial  8vo.     Cloth,  10/6. 

Contents  : — General   view  of    London,    iU    Population,    Sire  and 
Contrasts — Professional  London — Criminal  London — Pentonville  Prison 

^jhe  Hulks  at  Woolwich — Millbank  Prison — The  Middlesex  House  of 

Detention—Coldbath  Fields— The  Middlesex  House  of  Correction,  Tot- 
hill  Fields The  Surrey  House  of  Correction,  Wandsworth— Nem-^gatc 

.Horsemonger  Lane— tlerkenwell. 

"  ITiis  volume  concludes  Mr.  Henry  Mayhew's  account  of  hb  researches  into  the 
crime  and  poverty  of  London.  The  amount  of  labour  of  one  kind  or  other,  which  ute 
whole  scries  of  hb  publications  represents,  is  something  almost  incalculable."— ZralArroyy 
Buiiget. 

»  *  This  celebrated  Record  of  Investigations  into  the  condition  of  the  Pbor  of  the 
MetioTOlU,  undertaken  from  philanthropic  motives  by  Mr.  Henry  Mayhkw,  first  «^  the 
^tluer  classes  of  England  some  idea  of  the  state  of  Heath^iam,  Degiadaoon.  mod  Misery 
Sslhich  multitudes  of  their  poorer  brethren  languished.  His  re vclaiioiis.  created,  at  the 
dme  of  their  appearance,  universal  horror  and  excitement^^that  a  natioa^  pfolenedly 
CkriMtian  should  have  in  its  midst  a  vast  population,  so  sunk  m  ignorance,  vice,  and  \ery 
££Sd  S  RdSfon,  was  deemed  incredible.  *until  further  exa«mnation  ^bUsM  the  truth 
of  tf^  statements  idvanced.  The  result  is  well  known.  The  London  of  Mr.  Mayh»w  wiIU 
happUy,  soon  exist  only  in  hU  pages.  To  those  who  would  apprecaate  the  e£fom  alrady 
m2e  Snong  the  ranks  which  recruit  pur  "dangerous  classes,  and  who  would  leam  what 
yet  remains  to  be  done,  the  work  wiU  aflFord  enlightenment,  not  unmingled  with  -"«~- 


MILLER    (Thomas,   Author  of   "Pleasures  of  a 

Country  Life,"  &c.)  : 

THE    LANGUAGE  OF    FLOWERS.     With  Eight  bcautiftiUy. 

coloured  Floral  Plates.  Fcap.  8vo.    Cloth,  gilt  edges,  3/6.    Fcmriefmtk 
Thousand.  '^Kh^ 

In  which  thou  wilt  find  many  a  lovdy  saymg 
About  the  leaves  and  flowers."— Kkats. 

MILLER   (Thomas):     THE    LANGUAGE    OF 

FLOWERS.    Abridged  from  the  larger  work  byl  THOMAS   MlU.£S. 
With  coloured  Frontispiece.    Limp  cloth,  td,     Ckuip  EdiOom. 
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POETRY  OF  THE  YEAR;  Or,  Pastorals  from 

our  Poets,  illustrative  "of  the  Seasons.  With  Chromo-Lithographs  from 
Drawing  after  BiRKET  Foster,  R.A.,  S.  Creswick,  R.A.,  David  Cox, 
Harrison  Weir,  E. V.B.,  and  others.  Toned  paper,  cloth  gilt,  elegant, 
price  16/-.    Ntw  Edition. 

RAPHAEL :  THE  CARTOONS  OF  RAPHAEL. 

Engraved  on  Steel  in  the  first  style  of  Art  by  G.  Great  BACH,  after  the 
Originals  at  South  Kensin^n.  With  Memoir,  Portrait  of  Raphael, 
as  painted  by  himself,  and  Fac-simile  of  his  Autograph.  Folio,  elegantly 
bound  in  cloth.    Price  1 0/6. 

SCHILLER'S    MAID    OF    ORLEANS.       {Die 

Jungfrau  von  OrUans.)  Rendered  into  English  by  LEWIS  FiLMOKR, 
translator  of  GoETHE's  Faust.  With  admirable  Portrait  of  SCHII I  KK« 
engraved  on  Steel  by  Ad  lard,  and  Introductory  Notes.  In  Crown  tSvo., 
toned  paper,  cloth  elegant,  gilt  edges.    Price  2/6. 

• 

SHAKSPEARE :  THE  FAMILY.    The  Dramatic 

Works  ol  WILLIAM  SHAKSPEARE,  edited  and  exprr-vlv  ftttxiM^l 
for  Home  and  School  Use.  By  Thomas  Bowdler,  F.K.S.  \\uK 
Twelve  beautiful  Illustrations  on  SteeL  Crown  8vo.  Clothi  ^il^  tc  (s ; 
morocco  antique,  17,6.     Nrw  Edition. 

•^*  This  umatu  Edition  of  the  great  dramatist  is  admirtthh  5^  ■•'■•# 
home  ns€  ;  vktle  oiyectiona&le phrases  have  been  expurgated ^  no  fAik  *  -v  ^^i 
have  been  tahen  with  the  text, 

"It  is  quite  nndmiaMf  that  there  are  many  pcMMi^e^  In  Shnli«|trAti*  vthUh  a 
father  could  not  read  aloud  to  his  children — a  brother  to  hi«  «Ulpr  ot  «  k<  iHliiMMh  tu 
a  lady;  and  every  one  almost  must  have  Mt  or  witn'>«<>ed  thr  rHirrmti  i(>«)»wiMiliir««, 
and  even  distress,  that  arises  faT>ni  siidd^n\y  <iamblin((  ti)wm  «tic  h  r^|>»f  «*)<>n«  .... 
Thoae  who  recollect  such  fcenes  mnnc  all  rr/Z.'-.e  that  Mr.  ){<iwiii  1  h  Im*  ino^itlrtt  « 
security  against  their  leuineuce."— Z^rrf  Jejfrey  im  the    **  JuUnt'mtn^  i\f%'tr^." 


SHAKSPEARE'S    DRAMATIC    &    POKTICAL 

WORKS.  Revised  from  the  Original  Edition*,  with  a  Mrmnir  .ifid 
Essay  on  his  Genius  by  Baray  0>k.NWAi.L ;  and  Aiin'it4ti  >n^  and 
Introductory  Remarks  on  hu  Plays,  by  R,  \\.  noKNK.arul  other  rrnirtcnt 
writers.  With  numerous  Wvyir.ut  lllu-.trations  and  fult.;>i/c  Sf^fl 
Engra^nngs  by  KE?c?rv  MeaiiO'i^s.  Three  voh.,  «u{ier'rriyal  8vw.  Cloth 
g^lt,  42/-.     Tenth  Edstum, 

SHAKSPEARES    WORKS.      Edited    by   T.  O. 

Haluwell,   F.R^^   F^.A.     With    Hi«v,r.^al    lnirodu<-ti..':»,    y  .*.r^. 
Explanatory  and  Critical,  and  a  Series  oi   Portraiti  00  bteei, 
vols.,  royal  8vo.    Cloth  gilt,  50  '. 
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MR.    SOUTHQATE'S    WORKS 


"  No  one  who  is  in  the  habit  of  writing  and  speaking  much  on  a  rariety  of  subjects 
can  afford  to  dispense  with  Mr.  Southgate's  Works."— C/ix^iw  Nrtos. 

FIUST  SERIES— THIRTY-FIRST  EDITION. 
SECOND  SERIES-^SEVENTH  EDITION 

Many  Thoughts  of  Many  Minds: 

Selections  and  Quotations  from  the  best  Authors.    Compiled  and 

Analytically  Arranged  by 

HENRY     SOUTHGATE. 

In  square  8vo.,  elegantly  printed  on  Toned  Paper. 

Cloth  and  Gold 12/6  each  Vol. 

Library  Edition,  Rozbui^he  ...      i^/. 

Ditto,  Morocco  Antique         -        •        -        -      21/- 

Eack  Series  con^leU  in  itself^  and  sold  separate^. 

"The  produce  of  years  of  research." — Examiner. 

"A  MACNiricsNT  GIFT-BOOK,  appropriate  to  all  times  and  seasoos." — Fr 
Magazine. 

"Not  so  much  a  book  as  a  library." — Patriot. 

"  Preachers  and   Public  Speakers  will  find  that  the  work  has  special  naes  for  tliem.' 
'—Edinhurgk  Daily  Review. 

# 

BY    THE     SAME    AUTHOR. 


»i 


Now  Ready,  Second  Edition, 

SUGGESTIVE  THOUGHTS  ON  RELIGIOUS  SUBJECTS: 

A  Dictionary  of  Quotations  and  Selected  Passages  from  nearly  x,ooo  of 

the  best  Writers,  Andent  and  Modem. 

For  the   Use  of  the  Clergy  and  Others. 

Compiled   and   Analytically   Arranged  by  HENRY   SOUTHGATE.      In 
Square  8vo.    Cloth  Elegant,  10/6 ;  Library  Edition,  half  Roxburghe,  12/- ; 

Morocco  Antique,  2o/-. 


II' 


'The  topics  treated  of  are  as  wide  as  oar  Cluistianity  itself:  the  writcis  qooctd  from, 
of  every  Section  of  the  one  Catholic  Choreh  of  JESUS  mYil^.^—AuikMi'*  Preface. 

^  "  This  u  another  tA  Mr.  Southgate's  most  valuaUe  volttmes.  .  .  .  The  misnoa 
which  the  Author  is  so  successfully  prosecuting  in  literature  is  not  ooly  highly  beoHirial, 
but  necessary  in  this  age  ...  if  men  are  to  make  any  acquaintance  at  all  with  the 
great  minds  of  the  wond,  they  can  only  do  so  with  the  means  v^uch  our  Aothor  nypliw-" 
— Hemilist. 

"  A  casket  of  gems." — English  Ckatrckmetn. 

"Mr.  Southgate's  work  has  been  compiled  with  a  fP^^  ^'^  of  jadgmient,  and  &  viH 
I  trust,  be  extensively  useful." — Rtv,  Canon  Liddon.  D.D.,  D.C.L, 

*'  Many  a  busy  Christian  teacher  will  be  thankful  to  Mr.  Sooth|;ate  ^Ibr  haviac  «■' 
earthed  so  many  nch  gems  of  thought ;  while  many  outude  the  ministerial  dicle  will  oUub 
stimulus*  encouragement,  consolation,  and  ootinsel,  within  the  pages  of  this  h^ndwift 
volume." — Nencen/ermist. 

**  The  special  value  of  this  most  admirable  com|Mlataoo  b  discovered,  when  attanMB 
u  concentrated  on  a  particular  subject,  or  series  of  subjecta,  as  illustrated  hr  the 
and  often  brilliant  lights  shed  by  passages  selected  from  the  best  authon  in  au 
A  most  valuable  book  of  itivnaot."—£din^fgk  DaUy  Review, 
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THE    SHILLING    MANUALS. 

By  JOHN  TIMES,  F.S.A., 

Author  of  "  The  Curiosities  of  London,"  &c. 

A  Series  of  Hand-Books,  containing  Facts  and  Anecdotes  interesting  to 
all  Readers.    Fcap.  8vo.    Neat  cloth^  one  shilling  each.    Sfcond  Editum, 


I.— CHARACTERISTICS  OF  EMINENT  MEN.    By  John  Timbs. 

Bound  in  neat  cloth,  price  i/-. 
II.— CURIOSITIES  OF  ANIMAL  AND    VEGETABLE  LIFE.    By 
John  Timbs,    Neat  cloth,  price  i/-. 

III.— ODDITIES  OF  HISTORY  AND  STRANGE  STORIES  FOR 
ALL  CLASSES.  Selected  and  compiled  by  JOHN  Timbs.  Neat  cloth, 
price  I/-. 

IV.— ONE  THOUSAND  DOMESTIC  HINTS  on  the  Choice  of  Pro- 
visions,  Cookery,  and  Housekeeping ;  new  Inventions  and  Improve- 
ments ;  and  various  branches  of  Household  Management.  Written 
and  compiled  by  John  Times.    Neat  cloth,  price  i/-. 

v.— POPULAR  SCIENCE  :  Recent  Researches  on  the  Sun,  Moon,  Stars, 
and  Meteors  ;  The  Earth ;  Phenomena  of  Life,  Sight,  and  Sound  ;  In- 
ventions and  Discoveries.  Written  and  compiled  by  JOHN  TiMBS.  Neat 
cloth,  price  i/-. 

VI.— THOUGHTS  FOR  TIMES  AND  SEASONS.  Selected  and  com- 
piled by  John  Timbs.    Neat  cloth,  price  i/-. 


Opinlonf  of  tlis  Ftmi  on  ths  SoIm. 

"It  U  difficult  to  determine  which  of  these  volumes  is  the  most  attractive.  Will 
be  found  equally  enjoyable  on  a  railway  journey,  or  by  the  fireside." — Mimng  y<mrmU, 

"lliese  additions  to  the  Library,  produced  by  Mr.  Timbs  industry  and  ability, 
are  useful,  and  in  his  pages  many  a  hint  and  suggestion,  and  many  a  fact  of  import- 
ance is  stored  up  that  would  otherwise  have  been  lost  to  the  public." — Builder. 

**  Capital  little  books  of  about  a  hundred  pages  each,  wherein  the  indefatigable 
Author  is  seen  at  his  best.'* — Afechanict  Magazint, 

"  Extremely  interesting  volumes."— fevn/wf  Stemdard. 

'*  Amusing,  instructive,  and  interesting As  food  for  thought  and  pleaaaot 

reading,  we  can  heartily  recommend  the  'Shilling  Manuals.'" — Birmingham  Daify 
Caaettt,  

TIMBS   (John,   F.S.A.):       PLEASANT    HALF- 

HOURS  FOR  THE  FAMILY  CIRCLE.  Containing  Popular  Science, 
One  Thousand  Domestic  Hints,  Thoughts  for  Times  and  Seasons, 
Oddities  of  History,  and  Characteristics  of  Great  Men.  Fcap.  8vo. 
Cloth  gilt,  and  gilt  edges,  5/-.     Stcond  Editiom. 

"  Contains  a  wealth  of  useful  reading  of  the  greatest  possible  vMxietj."^Pijrm^mtJk 
Ba4WMry» 

WANDERINGS    IN    EVERY    CLIME;      Or, 

Voyages,  Travels  and  Adventures  All  Round  the  World.  Edited  by 
W.  F.  AiNSWORTH,  F.R.G.S.,  F.S.A.,  &c,  and  embellished  with  up- 
wards of  Two  Hundred  Illustrations  by  the  61  st  Artists,  including 
several  from  the  master-pencil  of  Gustavb  DorA.  Demy  4to.  8co 
paf^s.    Cloth  and  gold,  bevelled  boards,  3x/-. 


FIRST  SERIES.-^THIRTY'FIUST  EDITION, 
SECOND  SERIES.— SEVENTH  EDITION. 


MANY  THOUGHTS  OF  MANY  MIN 

A  Treasury  of  Referenoa,  oonsisting  of  Selections  firom  the  Writl 
the  most  Celebrated  Authors.     FIRST  &  SECOND  SERIES.    C< 

and  Analytioally  Arranged 

By    HENRY    SOUTHQATE. 

Ih  Square  Stv.,  iUgantfy  printed  on  toned  paper. 

Presentation  Edition,  Cloth  and  Gold    12/6  each  volui 

Library  Edition,  Half>bound  Roxburghe 14-  1, 

Do.,  Morocco  Antique 21/-  „ 

Each  Series  is  complete  in  itself,  and  sold  separately. 


•"Many  Thoughts  '  &c,  is  evidently  the  pro- 
duce of  years  ot  research.    We  look  w  any  subject 
under  the  sun,  and  axe  prettv  sure  to  fmd  something 
that  has  been  said— f^eneially  well  said—upon  it. 
— Examiner. 

**  Many  beautiful  examples  of  thoug^ht  and  style 
axe  to  be  found  among  the  selections."— i^r<u£rr. 

"  There  can  be  litde  doubt  that  it  is  destined  to 
take  a  high  place  among  books  of  this  class." — 
//fftes  atui  Queries. 

"  A  treasure  to  every  reader  who  may  be  fortunate 
enough  to  possess  it. 

"  Its  perusal  is  like  inhaling  essences  ;  we  have  the 
cream  only  of  the  sre^t  authors  quoted.  Here  all  are 
seeds  or  qxms^—Eng^iish  Joumai  o/ Educatiott, 

**  Mr.  Southgate's  reading  will  be  found  to  extend 
over  nearly  the  whole  known  field  of  literattue, 
ancient  and  m.oAetxi."—GeHtUmaH'M  Afageuitu. 

**  Here  is  matter  suited  to  all  tastes,  and  illustra- 
tive of  all  opinions ;  morals,  polidcs,  philosophy,  and 
solid  information.  We  have  no  hesitation  in  pix>- 
noundng  it  one  of  the  most  important  books  of  the 
season.  Credit  is  due  to  the  publishers  for  the 
elegance  with  which  the  work  is  got  up,  and  for  the 
extreme  beauty  and  correctness  of  the  typography." 
— Morning  Chronicle. 

'*  Of  the  numerous  volumes  of  the  kmd,  we  do  not 
remember  having  met  with  one  in  which  the  selection 
was  more  judicious,  or  the  accumulation  of  treasures 
so  truly  wonderful." — Morning  Herald. 

"  Mr.  Souihgate  appears  to  have  ransacked  every 
n^wk  and  corner  for  gems  of  thought."— ^/;£riv# 
Indian  Mail. 

*'  The  selection  of  the  extracts  has  been  made  with 
tastejudgment,  and  critical  mc^iy."'-^MomittgPost. 

**  This  IS  a  wondrous  book,  and  contains  a  great 
many  gems  of  thought." — Daily  News. 

"  As  a  work  of  reference,  it  will  be  an  acquiaitioo 
to  any  man's  library." — PnbUskef^s  Circular. 

"llus  volume  contains  more  gems  of  thought, 
refined  sentiments,  noble  axioms,  and  extractable 
sentences,  than  have  ever  before  been  brought  together 
in  our  language." — The  Field. 

**  Will  be  found  to  be  worth  its  weight  in  gold  by 
literaxymen."— TA^  i?««^!(^!rr. 

"  All  that  the  poet  has  described  of  the  beautiful  in 

nature  and  art;    all  the  wit  that  has  flashed  from 

pregnant  minds ;  all  the  axioms  of  experience,  the 

.w^it,^»*<l    wisdom   of  philosopher    and    sage,    are 

'  into  one  heap  of  useful  and  weU-arraoged 

od  amusement." — TAe  Em, 


"The  mind  of  almost  all  nations  and 
worid  is  recorded  here."* — y^Jut  Bull. 

"  This  is  not  a  law-book  ;    but.  departii 
usual  practice,  we  notice  it  because  it  b 
vei^  useful  to  lawyers." — Lanr  Times. 

"The  collection  will  prove  a  mine  r.r] 
haustible  to  those  in  search  of  a  quou 
ypumal. 

**  There  is  not^  as  we  have  reason  to  1cn< 
trashy  sentence  in  this  volume.  Open  u  r. 
every  page  is  laden  with  the  wealth  A 
thought,  and  all  aglow  with  the  loftiot  i.i 
gjenius.  To  take  this  book  into  our  b 
sitting  down  to  a  grand  converur:  i 
greatest  thinkers  of  all  ages." — Star. 

"The  work  of  Mr.   bouthgate    far  c 
others  of  its  kind.    To  the  clerg^inan, 
the  artist,  and  the  e&sayisc,    *  Many   n 
Many  Minds'  cannot  fail  lo  render  jumi 
lable  service." — Edinlmrj^k  Mercury. 

"We  have   no  hesitation  whatever  Ir. 
Mr.  Southgate's  a»  the  very  best  Nvk   i 
There  is  positively  nothing  of  the  kin^i  in  v. 
that  will  bear  a  moment's  comparisoa 
MtmchesUr  Weekly  Advertiser. 

"There  is  no  mood  in  which  we  c»n 
without  deriving  from  it  instruction.  co:*> 
amusemenL    We  heartily  thank  Mr.  S>^- 
book  which  we  shall  regwd  as  one  of  ou' 
and  companions."— CoMi^Vi^  CAnw/c .< 

"This  work  possesses  the  merit  of  ^< 
nificent  gift  book,  appropriate  to  all  timc^  ^' 
a  book  calculated  to  be  of  use  to  xr-x  > 
divine,  or  the  public  man." — Freemas'^ ' 

"  It  is  not  so  much  a  book  as  a  UU-.^ 
^ans."— Patriot. 

"The  quotations  abound  in  that  /«"' 
u  the  main^ring  of  mental  extxtxic  - 
Courier. 

"  For  purposes  of  apposite  quotation  i: 
surpassed." — Bristol  Times, 

*'  It  is  impossible  to  pick  out  a  single  p^^^ 
work  which  does  not,  upon  the  face  o>i  ■'- 
telecdon  by  its  intrinsic  meriL** — Z*'*^/.. 

"  We  ai«  not  surprised  that  a  SECON^ 
of  this  work  should  have  been  called  for. 
nte  has  the  catholic  tastes  dearabk  n/  i  ^ 
Preachers  and  public  speakers  will  i"- 
special  uses  for  awm."^EdinSmrrk  P^'-; 

"The  Sbcond  Sbbiks  fiilly  •u»ujr*>'  ' 
repuution  of  the  FIRST,"— 7<4*  £»*- 


London  :    CHARLES  GRIFFIN  &  COMPANY. 


^ 


